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PUBLICATION DISSERTATION OPTION 
 
 Portions of this dissertation have been prepared in the style for publication 
in the Journal of the European Ceramic Society and the Journal of the American 
Ceramic Society.  The manuscript entitled “Stress Measurements in ZrB2-SiC 
Composites Using Raman Spectroscopy and Neutron Diffraction” was published 
in the Journal of the European Ceramic Society in volume 30 number 11 in 2010.  
The manuscript entitled “Measurement of Thermal Residual Stresses in ZrB2-SiC 
Composites” was accepted for publication in the Journal of the European 
Ceramic Society in March 2011.  The manuscript entitled “Mechanical 
Characterization of ZrB2-SiC Composites with Varying SiC Particle Sizes” has 
been submitted to the Journal of the American Ceramic Society.  The manuscript 
entitled “Mechanical Characterization of Annealed ZrB2-SiC Composites” will be 
submitted to the Journal of the American Ceramic Society following revisions 




 Research presented in this dissertation focused on the production of ZrB2-
SiC composites and their characterization; in particular their mechanical 
properties and thermally generated residual stresses.  Thermally generated 
stresses were measured using Raman spectroscopy as well as both neutron and 
x-ray diffraction.  For 70 vol% ZrB2 – 30 vol% SiC composites   neutron diffraction 
revealed that the SiC phase was under ~880 MPa compressive stress and the 
ZrB2 phase was under ~450 MPa tension at room temperature.  It was also 
discovered that stresses began to accumulate at ~1400 °C upon cooling from the 
processing temperature (1900 °C -2000 °C).  Raman spectroscopy and x-ray 
diffractions agreed well with one another and showed the stresses in the SiC 
phase on the surface of the samples to be ~350 MPa; lower than that in the bulk 
as measured by neutron diffraction.  It has also been shown that annealing 
composites at temperatures below 1400 °C, particularly while under pressure can 
partially relieve these stresses leading to increases in mechanical strength of as 
much as 30%.   
The role of the particle size of the SiC phase was also investigated.  For 
SiC particle sizes smaller than 11.5 µm, the failure strengths of the composites 
followed a 1/c1/2 type relationship as predicted by Griffith.  Above that particle 
size however, strength, modulus, and hardness all decreased rapidly.  It was 
discovered that for SiC particle sizes larger than 11.5 µm microcracking occurred 
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Zirconium diboride (ZrB2) is one of a group of materials known as ultra 
high temperature ceramics (UHTCs), and has a melting temperature of 3245°C.1  
The addition of particulate silicon carbide (SiC) has been shown to improve 
properties such as strength2,3, fracture toughness2-4, and oxidation resistance.5-7  
The combination of these properties has led to a large body of research 
concerning ZrB2-SiC composites for use in future aerospace applications.
8-10  
While the addition of SiC to ZrB2 offers improvements in a number of properties 
as listed above, it also results in the generation of thermal residual stresses 
during processing.  The room temperature coefficients of thermal expansion 
(CTE) for ZrB2 and SiC are 5.2 ppm/K
11 and 3.3 ppm/K,11 respectively, and 
remain ~2 ppm/K different up to ~1750 °C.  As a result, as composites are cooled 
from the processing temperature, compressive stresses are generated in the SiC 
particulate phase and corresponding tensile stresses are generated in the ZrB2 
matrix. 
The purpose of this research has been to better understand the role of SiC 
particulate reinforcement in ZrB2 based composites.  Specifically, how stresses 
evolve in and around the SiC phase during processing and their effect on 
mechanical properties as well as the effects of varying the size of the reinforcing 
phase (SiC).  Two of the main advances presented in this research are the SiC 
 2 
particle size which corresponds to the onset of microcracking and the 
temperature at which stresses begin to accumulate on cooling from the 
processing temperature.  Both of these values were previously unknown, and are 
important to those attempting to design components from these composites as 




References   
1  A. E. McHale, "Data Collected from Phase Diagrams for Ceramists," (Vol. X). 
Westerville, OH: American Ceramic Society. (1994). 
 
2  A. L. Chamberlain, W. G. Fahrenholtz, G. E. Hilmas and D. T. Ellerby, "High-
Strength Zirconium Diboride-Based Ceramics," J. Am. Ceram. Soc., 87[6] 
1170-1172.2004.  
 
3  F. Monteverde, S. Guicciardi and A. Bellosi, "Advances in Microstructure and 
Mechanical Properties of Zirconium Diboride Based Ceramics," Materials 
Science and Engineering A, 346[1-2] 310-319.2003. 
  
4  J. K. Kurihara, T. Tomimatsu, Y. F. Liu, S. Q. Guo and Y. Kagawa, "Mode I 
fracture toughness of SiC particle-dispersed ZrB2 matrix composite 
measured using DCDC specimen," Ceram. Int., 36[1] 381-384.2010.  
 
5  F. Monteverde and L. Scatteia, "Resistance to Thermal Shock and to 
Oxidation of Metal Diborides-SiC Ceramics for Aerospace Application," J. 
Am. Ceram. Soc., 90[4] 1130-1138.2007.  
 
6  I. G. Talmy, J. A. Zaykoski and M. M. Opeka, "High-Temperature Chemistry 
and Oxidation of ZrB2 Ceramics Containing SiC, Si3N4, Ta5Si3, and TaSi2," 
J. Am. Ceram. Soc., 91[7] 2250-2257.2008.  
 
7  W. Tripp, H. Davis and H. Graham, "Effect of an SiC Addition on the Oxidation 
of ZrB2," Am. Ceram. Soc. Bull., 52[8] 612-616.1973.  
 
8  F. Monteverde, R. Savino and M. Fumo, "Dynamic oxidation of ultra-high 
temperature ZrB2-SiC under high enthalpy supersonic flows," Corros. Sci., 
53[3] 922-929.2011.  
 
9  M. M. Opeka, I. G. Talmy and J. A. Zaykoski, "Oxidation-Based Materials 
Selection for 2000°C + Hypersonic Aerosurfaces: Theoretical 
Considerations and Historical Experience," J. Mat. Sci., 39[19] 5887-
5904.2004.  
 
10  X. Zhang, P. Hu, J. Han and S. Meng, "Ablation behavior of ZrB2-SiC ultra 
high temperature ceramics under simulated atmospheric re-entry 
conditions," Compos. Sci. Technol., 68[7-8] 1718-1726.2008.  
 
11  Y. Touloukian, C. Ho and D. Dewitt, "Thermal Expansion: Nonmetalic Solids," 
(Vol. 13). New York: IFI/Plenum. (1970). 
 4 
2. LITERATURE REVIEW 
 
2.1. INTRODUCTION 
Zirconium diboride (ZrB2) is composed of alternating layers of boron and 
zirconium atoms crystallized in the AlB2-type P6/mmm crystal structure depicted 
in Figure 2.1.  The boron atoms form 2D graphite like sheets alternated with 
close packed zirconium layers.  Each zirconium atom has 6 equidistant zirconium 
neighbors in plane, and 12 equidistant boron neighbors, 6 in the plane above, 
and 6 in the plane below.  Each boron atom is surrounded by 3 equidistant boron 
atoms in plane, and 6 equidistant zirconium atoms, 3 each in the planes above 
and below.   
ZrB2 is one of a class of materials known as ultra high temperature 
ceramics (UHTCs).  UHTCs are rather broadly defined as ceramics having a 
melting point in excess of 3000 °C, with the melting point of ZrB2 being 3245 °C.
1  
Similar to many materials with high melting points, ZrB2 possesses a high degree 
of covalent bonding, however unlike most of those materials, it also exhibits high 
electrical conductivity (~11x106 S/m at room temperature)2-5 which is on the 
same order as that of nickel.  The high electrical conductivity is due in large part 
to the Me-Me bonding which exists in the zirconium planes of atoms resulting in 
metallic type electrical conduction.6,7    Having high electrical conductivity also 
translates into high thermal conductivity.2-4,8   Values as high as 145 W/m·K have 
been reported.4  In addition, high thermal conductivity results in reduced thermal 
 5 
stresses under a given temperature gradient giving ZrB2 the potential for high 
thermal shock resistance.  This combination of properties have lead to ZrB2 being 
investigated for a range of applications including refractory linings9-11, 
microelectronics12, electrodes13, cutting tools14,15, and uses in future aerospace 
vehicles16-18. 
 
     
 
Figure 2.1  Representations of the ZrB2 crystal structure.  Pictures are taken 
from the Crystal Lattice Structures Web page, provided by the Center for 





2.2. EARLY BORON RESEARCH 
Research into borides, including zirconium boride as well as other metal 
borides (MeBx), dates as far back as the late 1800’s and early 1900’s.  Some of 
the earliest work was performed by Moissan19,20, as well at Tucker and Moody21.  
In addition to his early work with borides, Moissan has been credited with being 
the first to produce pure boron22, isolate elemental fluorine23, and melt 
tungsten.24  Almost all of this was made possible by his use of an electric arc 
furnace which allowed him to reach temperatures up to 3500 °C.20  Tucker and 
Moody experimented with forming borides of most of the transition metals and 
were the first to produce several of the metal borides including zirconium boride 
even though at the time they believed the chemistry to be Zr3B4.  While there 
were some preliminary property measurements, this early research was focused 
primarily on the production of previously unknown boron compounds. 
Beyond the initial studies into the formation of borides, there was little 
interest in them until the mid to late 1940’s.  Even so, there were some studies 
performed in the intervening time.  Meissner et al.25 showed that zirconium 
boride, along with other carbides and nitrides, became superconducting when 
cooled to liquid helium temperatures.  McKenna26 produced stoichiometric ZrB2 
through a two step processes.  He first reacted ZrO2, B2O3, and carbon by the 
following reaction to produce ZrB2. 
ZrO2 + B2O3 + 5C → ZrB2 + 5CO 
He found this ZrB2 to contain ~2% carbon and small impurities of silicon and iron.  
He then took a portion of the reacted material and heated it in under vacuum with 
 7 
an additional quantity of B2O3 and was able to reduce the carbon content to ~1 
wt.%.  X-ray analysis of the final product was consistent with what was expected 
for ZrB2, with a and c lattice parameters less than 0.3% different than currently 
accepted values (JCPDF card #34-0423).   
Schroter and Moers27 were granted a patent in 1936 regarding the use of 
zirconium boride and other hard compounds for use in cutting tools.  There was 
interest in boron for cutting tools due to its high hardness (~9.4 on the Moh’s 
scale)28 and high melting point (2200 °C)29; however it was too brittle to be used.  
At the time, it was believed that the hardness of boron was surpassed only by 
that of diamond.  It was found that by forming other refractory compounds of 
boron that the brittleness was reduced while maintaining the hardness and 
melting point.  Some of these investigations into boron were guided based on 
information about elemental boron which was incorrect.   
While pure boron in small quantities had been produced, commercially 
available boron at the time was often no more than 80% pure.30,31  As a result, 
some of the properties which were ascribed to boron were in fact those of boron 
carbide as well as other boron compounds.  In the 1940’s, Kiessling30 was the 
first to develop a method for the production of pure boron in larger quantities.  
This method involved using dry bromine to form boron tribromide from 
commercially available boron powders, and then precipitating boron from the gas 
phase onto the quartz walls of the reaction vessel.  While his laboratory set up 
only produced ~1g of boron per cycle, the process was scalable, allowing for the 
production of larger quantities of boron with a mean purity of 98.9%.  The 
 8 
commercial availability of nominally pure raw materials was essential to the study 
of boron and its compounds. 
 
2.3. PROCESSING 
2.3.1. Phase Equilibria of ZrB2.  ZrB2 has been prepared in a number of  
ways in addition to the reaction of the base elements.32-35  Kiessling35 prepared 
samples of several metal borides, including ZrB2, by heating metal and boron 
powders together by high frequency vacuum induction heating.  He confirmed as 
earlier researchers had shown that ZrB2, as well as many other MeB2’s, formed 
the P6/mmm structure, isomorphous with AlB2.  He also determined the solubility 
of boron in zirconium to be ~1 at%.  Brewer et. al.32 produced their samples in a 
similar fashion by mixing nominally pure metal and boron powders in an 
inductively heated crucible.  Their x-ray analysis agreed closely with that of 
Kiessling regarding both the solubility of boron in zirconium as well as the a and c 
lattice parameters.  Neither Brewer nor Kiessling observed any intermediate 
phases between boron and zirconium other than ZrB2.  Meerson and 
Samsonov36 prepared metal borides through a different procedure.  As opposed 
to starting with the pure elements, they reacted the metal oxide with boron 
carbide and additional carbon black in an inductively heated vacuum furnace.  
Zirconium diboride was thus produced by the following reaction. 
2ZrO2 + B4C + 3C → 2ZrB2 + 4CO 
By using this method of synthesis, they were able to observe the 
temperatures at which reactions took place by monitoring the pressure of CO 
 9 
within the furnace.  Using this procedure they were able to synthesis metal 
borides of the correct stoichiometry with carbon impurities below 0.5% (Not 
specified in original text but presumed to be wt. %). 
 Samsonov and Portnoy37 performed a systematic study of the zirconium 
boron system.  In doing so, they observed the formation of two previously 
unreported zirconium-boron compounds, ZrB and ZrB12 (Figure 2.2).  According 
to their research, neither ZrB nor ZrB12 were stable at room temperature.  ZrB2 
was the highest melting phase in the system and showed a narrow stoichiometric 
stability range while ZrB and ZrB12 were both believed to be line compounds.  
     
 




2.3.2. Processing of ZrB2.  The Diborides have been produced as  
dense bulk ceramics since the 1960’s, usually by hot pressing.  For pure ZrB2 
densities above 98% of theoretical are difficult to achieve even at temperatures in 
excess of 2000 °C.  The addition of small amounts of sintering aids such as Si3N4 
(~4 vol%)38 or even slight WC contamination (~2 wt%)39 from milling can result in 
fully dense bodies at temperatures between 1800 °C and 1900 °C. 
 Baik and Becher40 investigated the effect of oxygen content on the 
densification of TiB2.  Due to the similarity of the group IV diborides, their 
observations are readily applicable to both ZrB2 and HfB2.  They discovered that 
lower oxygen content in the starting powder allowed for higher densities to be 
achieved with a smaller grain size (Figure 2.3).  It was determined that oxide 
impurities increased both surface diffusion as well as evaporation-condensation 
reactions; TiO2 being predominantly responsible for increased surface diffusion 
and B2O3 for increased vapor phase transport.  Both of these cause grain 
coarsening at low temperatures (below 1700 °C) which then reduce the driving 
force for densification at higher temperatures resulting in more porosity, larger 
grains, and lower final density.  
There were a number of studies from the late 1970’s through the 1980’s 
focused on the formation of boride coatings through various vapor deposition 
methods.41-46  Wayda et al.42 focused on the deposition of diborides from the 
inorganic borohydrides of both zirconium (Zr[BH4]4) and hafnium (Hf[BH4]4).  A 
much earlier study of borohydrides had noted that those of the group IV metals 
were unstable and decomposed at room temperature or slightly elevated 
 11
temperatures.47  It was unknown at the time what the exact structure of the 
decomposition products were, but their boron to metal ratio was ~2:1.  Based on 
this information, Wayda was able to successfully produce pure, continuous ZrB2 
and HfB2 films at temperatures as low as 100 °C.    
 
 
Figure 2.3  Grain size as a function of density for hot pressed TiB2 with varying 




     In the early 1990’s a partially polymeric route to forming metal 
diborides (including ZrB2) was investigated by Su and Sneddon as a simpler 
means than through vapor deposition.48  While polymeric in nature, their process 
was quite similar to the then well established carbothermal reduction of oxides 
through the use of boron carbide and carbon.  The process still began with metal 
oxides to be reduced, but instead of using boron carbide and carbon powders a 
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polymeric precursor was used which decomposed into boron carbide.  By 
dispersing metal oxides in a solution of decaborane-dicyanopentane polymer and 
pyrolysing the mixture, powders of the metal diborides were formed with correct 
stoichiometry and particles as small as 200 nm.      
2.3.3. ZrB2-SiC Composites.  ZrB2-based particulate composites, 
specifically those produced using silicon carbide (SiC) additives, display 
additional desirable properties beyond those of monolithic ZrB2.  ZrB2-SiC 
composites have been shown to exhibit strengths in excess of 1000 MPa39,49,50, 
fracture toughness values as high as 5.5 MPa·m1/2,39,51 and hardness values 
exceeding 22 GPa.39,49,52  SiC additives have also been shown to influence the 
rate of oxidation of ZrB2 by forming a silica rich oxide layer on the surface and 
thereby slowing the rate of oxidation of the underlying material.17,53-55  The 
combination of these properties has resulted in ZrB2-SiC composites being 
studied for use in future aerospace applications.21-23 
2.3.3.1. Hot-pressing. Hot-pressing has been used extensively in the  
formation of ZrB2 composites. 
39,49,50,56-64  Kalish and Clougherty56,57,60 used hot 
pressing to form dense composites of ZrB2 and SiC ranging between 5 and 50 
volume percent  SiC.  They used temperatures between 1800 °C and 2100 °C as 
well as pressures ranging from 17 MPa to 1.5 GPa.  To reach these high 
pressures, they used a furnace in which the entire hot zone, including the 
graphite heating element, was compressed simultaneously with the specimen.  
While noting that increased temperature, as well as increased time at 
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temperature, increased grain size, the addition of SiC to ZrB2 was found to 
reduce it’s grain size with respect to pure ZrB2 equivalently processed.  
 Monteverde and Bellosi63 investigated the effect of the addition of 15 vol% 
sub-micron 6-H SiC.  In addition to the SiC, 4.5 vol% ZrN was added to improve 
the densification of the composite.  With the application of 40 MPa pressure, 
densification began at 1580 °C, and reached greater than 99% of the theoretical 
density after 5 minutes at 1900 °C.  Materials produced in this way exhibited 
homogenous microstructures with well distributed SiC particulates as well as 
small amounts of other phases formed through reactions of the ZrN with the 
native oxides on the ZrB2 and SiC powders.       
The use of silicon nitride to improve the sinterability of ZrB2 has been 
investigated as well.38,62,65,66  Monteverde et al.62 examined the addition of silicon 
nitride to pure ZrB2 as well as ZrB2-SiC composites.  At the highest sintering 
temperature tested (1900 °C), pure ZrB2 reached ~87% of its theoretical density.  
With the addition of 5 vol% silicon nitride, ZrB2 was densified to greater than 98% 
of theoretical at 1700 °C.  The addition of silicon nitride to a ZrB2-SiC composite 
did not substantially lower the densification temperature, but dense components 
were produced at 1870 °C.  Composites produced using both SiC and silicon 
nitride formed zirconia, boron nitride, and a boron nitride rich liquid during 
densification.  It was believed that these formed from the reactions between 
silicon nitride and the oxides native to ZrB2 and SiC.  These additional phases 
tended to be located within clusters of SiC particles (Figure 2.4).  Further, the SiC 
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phase tended to consist of particle clusters located at triple junctions and along 
grain boundaries. 
   
 
Figure 2.4  SEM micrograph of ZrB2-SiC composite with Si3N4 addition.  1=ZrB2, 




 Chamberlain et al.39 produced ZrB2-SiC composites with SiC contents 
ranging from 0 to 30 vol%.  The powders were prepared by attrition milling the 
ZrB2 and SiC powders together using WC milling media.  All compositions were 
hot pressed at 32 MPa and were held at 1900 °C for 45 minutes.  With the 
exception of the 10 vol% SiC composition all samples reached >99% theoretical 
density.  The dense composites exhibited a homogenous microstructure with a 
well dispersed SiC phase (Figure 2.5).  The grain size of ZrB2 was cut in half by 
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the addition of SiC (3 µm vs. 6 µm).  All of the composites exhibited a third, 
unknown tungsten containing phase. 
 
 
Figure 2.5  Microstructures of pure ZrB2 (A) and ZrB2-30 vol% SiC (B).  Both 
microstructures contain an unknown tungsten containing phase.39 
 
 Rezaie et al.50 investigated the effect of hot-pressing time and temperature 
on ZrB2-SiC composites.  Powder mixtures containing 30 vol% SiC were 
prepared by attrition milling using WC media.  Hot pressing temperatures ranged 
from 1850 °C to 2050 °C and times ranged from 45 minutes to 180 minutes at 
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temperature.  The effect that hot-pressing time and temperature had on the grain 
size of both ZrB2 and SiC were measured.  As expected, the combination of the 
lowest temperature and shortest time resulted in the smallest grain sizes while 
the highest temperature with the longest time resulted in the largest grain size.  
While the average grain size did not change significantly (2.1µm - 4.7 µm for ZrB2 
and 1.2 µm - 2.7 µm for SiC) with increasing time and temperature, the maximum 
grain sizes increased more substantially (6.0µm – 20.9 µm for ZrB2 and 3.5 µm – 
8.0 µm for SiC). 
2.3.3.2. Reactive processing.  Reactive processing offers an alternative  
route to obtaining ZrB2 and ZrB2 based composites. 
52,67-70  A number of studies 
have been performed on the formation of ZrB2 and ZrB2 based composites 
through reactive hot pressing.67-72  Two of the main advantages to this approach 
are lower densification temperatures, and fewer impurities.  The individual 
elements, as well as hydrides and salts of the elements, are often commercially 
available in higher purity than ZrB2.  Reacting these higher purity precursors in-
situ while hot pressing can lead to improved densification, lower oxygen content, 
and finer microstructures.  Zhang et al.67 reacted elemental zirconium and silicon 
with boron carbide to produce ZrB2 and SiC in a ratio of ~3:1.  After hot pressing 
at 1900 °C, x-ray diffraction showed only ZrB2 and SiC present in the samples.  It 
was noted that the grain structure of the ZrB2 and SiC took on the same basic 
size and shape as the original zirconium and silicon powders respectively. 
 Wu et. al.68 formed ZrB2-SiC composites by reacting zirconium, silicon, 
and boron carbide.  By altering the relative amounts of the starting components 
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they were also able to produce ZrB2-SiC-ZrC composites.  X-ray analysis of the 
finished composites showed only phases expected from the reaction (Figure 2.6).  
The presence of ZrC was found to improve the densification of the composites.  
They also discovered that the reaction, from starting precursors to final product, 










Chamberlain et al.52,70 performed two studies on the reactive hot pressing 
of ZrB2-SiC composites.  The reaction of elemental zirconium and boron was 
used to form ZrB2.  These elemental precursors were mixed with SiC and a small 
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amount of B4C in proper proportions to result in 70 vol% ZrB2 and 30 vol% SiC.  
Zirconium and boron are highly reactive with one another with the reaction being 
exothermic (∆H ~-320 KJ/mol at room temperature).  A non-reactive phase (in 
this case SiC) acts as a diluent with respect to the exothermic reaction helping to 
prevent the reaction from becoming self propagating.  Heat treatments of the 
powders at temperatures as low as 600 °C resulted in the formation of ZrB2 with 
no residual zirconium.  Fully dense composites were formed by hot pressing as 
low as 1700 °C.  The improvement in densification was attributed to the formation 
of nano-sized ZrB2 particles from the reaction of zirconium and boron.  All 
specimens showed some ZrO2 contamination after sintering which was attributed 
to either oxide impurities within the starting powder or oxidation of the nano sized 
ZrB2 particles after their formation. 
 
2.4. PROPERTIES 
2.4.1. Monolithic ZrB2.  Monolithic ZrB2 as well as other borides have  
been investigated particularly for their mechanical and thermal properties.  Not 
only for their own sake, but also so their role in the behavior of boride based 
composites can be better understood.  Investigations by the ManLabs 
corporation were carried out focusing on ZrB2 and HfB2.
57-60,73  Room 
temperature flexural strength of monolithic ZrB2 was found to be ~43x10
3 psi 
(~300 MPa), however for the monolithic borides it was discovered that their 
maximum flexural strength was not at room temperature.57,60  As an example, 
fully dense ZrB2 exhibited its maximum flexural strength at ~700 °C.
60  In addition 
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to studying the strength as a function of temperature, the fracture mode was also 
investigated.  Based on the results of the study, the maximum flexural strength 
correlated strongly with the maximum value of transgranular fracture as shown in 
Figure 2.7.  Between room temperature and 700 °C the percentage of 
transgranular fracture increased by ~20% before decreasing at higher 
temperatures.  A similar trend was also observed for HfB2, however the maxima 
in both flexural strength and transgranular fracture occurred at ~1000 °C. 
 
   
 
Figure 2.7  The effect of temperature on the flexural strength and fracture mode 




It was thought that the increase in both strength and amount of 
transgranular fracture were the result of the relaxation of residual processing 
stresses, both thermal and elastic.  The borides have anisotropic coefficients of 
thermal expansion (CTE).  For example the CTE at room temperature for the a 
and c axes of ZrB2 are ~5 ppm/K and ~7 ppm/K respectively.
74  Therefore as 
they are cooled from the processing temperature stresses develop between 
grains of different orientation.  As the materials are heated the magnitude of 
stress is reduced as the zero stress point is approached.  As a result of lower 
residual stresses, the strength is increased.  This increase in strength resulted in 
greater stored elastic strain energy which impacted the crack velocity when the 
sample was fractured which resulted in more transgranular fracture.  There are 
other factors, such as yield stress, which decrease as a function of temperature 
and therefore result in a reduction in the flexural strength.  The balance between 
these two forces leads to the peak in flexural strength being located above room 
temperature yet below the point where stresses would be fully relaxed.  The 
thermal stress resistance was also investigated for both an instantaneous 
temperature rise on the surface of the sample, as well as for steady state heat 
flow conditions.  It was found that the high thermal conductivity of the borides 
(~80 W/m·K)75 gave them an increased thermal shock resistance versus other 
refractory ceramics above ~1000 °C when calculated based on steady state heat 
flow (Figure 2.8).60  Most of the refractory oxides as well as SiC exhibit a 
decrease in thermal conductivity as a function of temperature which results in a 
decreasing thermal stress resistance parameter.  The borides of zirconium and 
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hafnium on the other hand exhibit an increase in thermal conductivity resulting in 
an improved thermal stress resistance parameter. 
 
 
Figure 2.8  Thermal stress resistance parameter for steady state heat flow as a 
function of temperature.60 
 
 
Some of the earliest research on single crystals of ZrB2 took place in the 
early 1970’s by Haggerty and Lee.76  While a great deal of research had been 
performed on borides prepared by hot pressing and other means, little attention 
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had been focused on the intrinsic properties of single crystals.  Their research 
focused mainly on the deformation of single crystals and the mechanisms by 
which it occurred.  These crystals were produced through an rf-heated float zone 
process.  It was found that single crystals loaded in compression at both 1490 °C 
and 2000 °C did not exhibit macroscopic deformation, whereas those tested at 
2125 °C exhibited 4.5% permanent plastic deformation.  This deformation was 
accomplished primarily through slip.  It was also discovered that the deformed 
crystals contained precipitates aligned with the original crystallographic planes of 
the sample.  The precipitates were determined to be a cubic form of ZrB.  It was 
theorized that the phase was stabilized by small amounts of impurities in the 
original single crystal. 
2.4.2. ZrB2 Based Composites.  ZrB2 based composites were studied  
heavily by ManLabs57-60,73,75 in research sponsored by the United States Air 
Force.  They encountered much difficulty in obtaining dense billets of pure ZrB2 
via hot pressing without encountering cracks, exaggerated grain growth, or both.  
With the addition of SiC, however, dense fine grained (~7 µm) materials were 
obtained.57    It was found that for dense ZrB2 materials containing 20 vol% SiC, 
strength remained basically constant from room temperature up to 1800 °C 




Figure 2.9  Bend strength of ZrB2 - 20 vol% SiC as a function of temperature for 
90, 96, and 100% dense samples.57 
 
 
Monteverde et al.62,63,77-79 have performed a number of studies focused on 
the properties of ZrB2-SiC composites.  In one such study, two ZrB2-SiC 
composites were prepared containing ~20 vol% SiC; one with Si3N4 as a 
sintering additive, and one containing a mixture of Si3N4, Al2O3, and Y2O3. 
62  
Both of these composites were sintered to >98% of theoretical.  The composites 
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exhibited room temperature flexural strengths just above 700 MPa.  Their flexural 
strengths decreased as a function of temperature to ~260 MPa at 1200°C.  It was 
noted that the addition of SiC did not appreciably change the elastic modulus 
compared to that of the pure diboride.  In another study, Monteverde et al. 
examined not only the effect of the addition of SiC to ZrB2, but also the effect of 
having a mixed diboride matrix.  Two composites were produced containing 15 
vol% SiC, with 10 vol% HfB2 added to one of the composites.  The hardness and 
fracture toughness of the two composites were similar, with values of ~18 GPa 
and 4 MPa·m1/2, respectively.  The grain size and elastic modulus however were 
affected.  The grain size and modulus of the ZrB2-SiC composite were 1-5 µm 
and 480 GPa, respectively, whereas those of the ZrB2/HfB2-SiC composite were 
3-8 µm and 506 GPa.  Similar to the first study, the flexural strength of the 
composites was reduced to ~250 MPa at 1200 °C.   
As the previous studies have shown, the addition of SiC to ZrB2 improves 
the mechanical strength of ZrB2.
57,77,80-84  Chamberlain et al.39 investigated the 
effect on mechanical properties of ZrB2 with SiC additions ranging from 0 to 30 
vol%.  The mechanical properties are summarized in Table 2-I.  Strength 
increased with the addition of SiC and was nearly doubled from 565 MPa for 
nominally pure ZrB2 to 1089 MPa with the addition of 30 vol% SiC.  Fracture 
toughness also increased with increasing SiC content, having values of 3.5 
MPa•m1/2 with no SiC additions and reaching 5.3 MPa•m1/2 for 30 vol% SiC 
additions.  The main differences in this study, versus earlier work, are the 
incorporation of tungsten carbide from milling media, and the decreased ZrB2 
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and SiC grain sizes.  Strengths in excess of 1 GPa have since been reproduced 
by a number of researchers.49,50,85,86       
   
Table 2-I  Room temperature mechanical properties of ZrB2-SiC composites 











0 489 23 ± 0.9 565 ± 53 3.5 ± 0.3 
10 450 24 ± 0.9 713 ± 48 4.1 ± 0.3 
20 466 24 ± 2.8 1003 ± 94 4.4 ± 0.2 
30 484 24 ± 0.7 1089 ± 152 5.3 ± 0.5 
 
 
2.4.3. Particle Size Effects.  Particle size effects can have a large impact  
on the overall performance of a composite.  Rezaie et al.50 investigated the effect 
of changing the size of the dispersed SiC particulate phase in ZrB2-30 vol% SiC 
composites.  A sub-micron particle size SiC was used as the starting material for 
all the composites.  Differing ultimate sizes were achieved by altering both the 
hot pressing temperature and time at temperature.  In addition, both a fine 
particle size and a coarse particle size ZrB2 powder were used (2 µm vs. 6 µm).  
Materials prepared using the fine ZrB2 and sintered for short times at the lowest 
temperatures exhibited flexural strengths in excess of 1 GPa (Figure 2.10).  The 
strength of composites produced from both types of ZrB2 exhibited decreasing 
strength as the sintering time and temperature increased.  For the composites 
prepared with the fine ZrB2, the average ZrB2 and SiC grains sizes increased 
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from 2.2 - 4.7 µm and 1.2 - 2.7 µm respectively, between samples hot pressed at 
1800 °C for 45 minutes and 2050 °C for 45 minutes.      
 
      
 
Figure 2.10  Flexural strength as a function of temperature and time of ZrB2-SiC 




 Zhu et al.85 performed a similar study; however, instead of altering the 
grain size by increasing sintering time and temperature, it was altered by using 
different particle size starting SiC powders.  In this case only one type of ZrB2 
powder was used.  Four different staring SiC powders were used with mean 
particle sizes ranging from 0.45 µm to 10 µm.  In the dense composites, the SiC 
grain size varied from 1 µm to ~6 µm.  By combining the results of this study with 
those of Rezaie et al.50 it became clear that the average SiC grain size correlated 
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well with the flexural strength of the composite (Figure 2.11).  Strength exhibited 
what appeared to be a linear decrease as grain sizes increased within the ~1-6 
µm range tested.     
 
   
 
Figure 2.11  Strength as a function of average SiC grain size for ZrB2-30 vol% 
SiC composites.85 
 
2.5. RESIDUAL STRESS 
2.5.1. Theory.  The theory of thermally generated residual stresses is at  
its root a relatively simple concept to grasp.  The basic issue is that when a 
composite is composed of two or more phases which do not possess the same 
coefficient of thermal expansion, those phases will expand and contract at 
different rates.  At high temperature (above the zero stress point) stresses are 
relaxed, often through diffusional mechanisms; however, as a composite is 
cooled below the zero stress point those different phases are constrained by one 
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another and tensile and compressive stresses are generated.  Figure 2.12 is a 
schematic diagram showing how strains, and therefore stresses, are generated 
upon cooling in a composite when the reinforcing particulate phase has a lower 
CTE than the matrix phase.  Part A illustrates a particulate composite above the 
zero stress point.  Part B shows the same composite after being cooled.  The 
dotted lines represent the equilibrium sizes of both the particle and matrix had 
they been unconstrained during cooling.  Because they were constrained 
however, the particle was forced to shrink more and the matrix to shrink less than 
their equilibrium positions resulting in compressive and tensile stresses in the 
particle and matrix, respectively.   
   
 
Figure 2.12  Schematic diagram of the generation of strains by cooling a 
composite composed of a particle with a lower CTE than that of the matrix: (A) 










2.5.2. Particulate Ceramics.  Particulate ceramics generally exhibit some  
sort of residual stress because the matrix and particulate phases rarely have 
perfectly matched coefficients of thermal expansion.  A large volume of research 
has been performed on particulate reinforced ceramics where the generation of 
thermal residual stresses is integral to the desired function of the composite.87-95  
Brett and Bowen90 investigated a SiC composite reinforced with 16 vol% TiB2 
particulate.  Fracture toughness in mode I (KIC) was measured using both 
chevron notched beams as well as single edge precracked beams.  At room 
temperature, fracture toughness increased from 2.7 MPa·m1/2 for pure SiC to 4.1 
MPa·m1/2 with the addition of TiB2 particulate.  The increase in fracture toughness 
of the composite over that of pure SiC decreased with increasing temperature 
until there was no discernable difference at and above 1200 °C.  It was 
concluded, that the dominant mechanism of toughening was the development of 
thermal residual stresses.   
 Bernardo and Scarinci94 produced an alumina platelet reinforced glass 
matrix composite.  The CTE of the alumina platelets was higher than that of the 
alumino-borosilicate glass matrix (9.8 ppm/K vs.  5.5 ppm/K).  As a result, the 
glass matrix was placed in compression upon cooling from the processing 
temperature.  This distribution of stresses in the composite led to increasing 
fracture toughness with increasing alumina platelet concentration (Figure 2.13).   
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Figure 2.13  Fracture toughness as a function of Al2O3 platelet content for glass 
matrix composites processed at 750 °C and 850 °C.94 
 
 
 Marple and Green88 were able to measure the thermal residual stresses 
produced in mullite/alumina composites using a strain gage approach.  
Composites were prepared by infiltrating a porous alumina preform with a 
precursor which would form mullite during pyrolysis and sintering.  This resulted 
in composites with a composition gradient of mullite through the thickness.  
Stresses were measured by affixing a strain gage to one surface of the sample 
and incrementally removing material from the opposite face by diamond grinding.  
Data from the strain gage was recorded at regular intervals throughout the 
process.  By using a method outlined by Tandon and Green96 they were then 
able to calculate the stress at the surface.  Due to the higher concentration of 
mullite at the surface of the samples, and its lower CTE compared to alumina 
(5.3 ppm/K vs 8.3 ppm/K), a residual compressive stress was measured.   
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 Sciti et al.89 investigated composites composed of a SiC based matrix with 
both 10 and 20 vol% MoSi2 additions.  Composites were hot pressed, and 
reached in excess of 98% theoretical density.  The resultant matrix was under a 
compressive stress while the MoSi2 particulates was under a tensile stress.   
Both x-ray diffraction and Raman Spectroscopy were used to measure the 
residual stresses with good agreement.  Residual stresses in the matrix 
increased with increasing MoSi2 content while the stress in the MoSi2 decreased.  
Stress free temperatures were estimated to be 687-736 °C and 616-664 °C for 
the 10 vol% and 30 vol% MoSi2 containing composites, respectively.            
2.5.3. ZrB2 Based Composites.  ZrB2 based composites, specifically  
those produced with SiC, generate internal stresses during processing.  These 
composites are generally processed between 1800 °C and 2000 °C.  The CTE of 
ZrB2 is approximately 2 ppm/K higher than 6-H SiC over the processing 
temperature range.97  As a result, as they are cooled, residual thermal stresses 
are generated between the ZrB2 and SiC phases.  Kalish et al.
60 was one of the 
first to make note of the thermal residual stresses in ZrB2-SiC composites.  They 
noted that the strength of the composites increased as a function of temperature 
until ~ 700 °C.  They ascribed the increase in strength to the relaxation of 
residual stresses.  Since the thermal stresses were likely generated started from 
a temperature approaching the processing temperature (1800 °C), it follows that 
the magnitude of residual stress will be decreased with increasing temperature, 
which could translate into increased strength.   
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 A number of studies have been performed in which the effects of thermal 
residual stresses in ZrB2-SiC composites are discussed.
72,98-100  Few, however, 
have attempted to measure them.64,98  Monteverde et al.98 used x-ray diffraction 
to measure the strains generated in a ZrB2-SiC composite doped with MoSi2.  In 
these composites it was noted that the diboride grains in the microstructure 
consisted of ZrB2 cores surrounded by a (Zr,Mo)B2 rim.  For materials not 
containing SiC, a residual compressive strain of -0.013% was measured for the 
ZrB2 cores.  For composites containing 15 vol% SiC a tensile strain of 0.025% 
was measured for the ZrB2 cores.  Ghosh et al.
64 used Raman spectroscopy to 
measure the residual stresses within SiC grains in ZrB2-SiC composites.  
Composites consisting of 5 vol% 3-C SiC were prepared.  Two different Raman 
peaks were used to calculate stresses.  Depending on which peak was used, 
compressive stresses between 800 MPa and 980 MPa were measured in the SiC 
grains.                
2.6. STRESS MEASUREMENTS 
2.6.1. X-Ray Diffraction.  X-ray diffraction can be used to measure the  
residual stresses generated in composites.101-104  By measuring the difference in 
d-spacing of a material, both in a stress free state and in a stressed state, the 
difference in d-spacing and therefore strain can be directly measured.  Stress 
can then be calculated based on that strain and the appropriate elastic modulus.  
Grossman and Fulrath101 performed some of the first x-ray stress measurements 
on ceramic composites.  They investigated the stresses generated due to the 
thermal expansion mismatch of alumina particles in various glassy matrices.  
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They first measured the stress free d-spacings of the alumina by using a powder.  
This was done on the same diffractometer as was used for the stress 
measurements to ensure that instrumental parameters did not affect the relative 
positions of the peaks.  They recognized that by obtaining a direct measurement 
of d-spacing shift between a stress free sample and one in an unknown stress 
state that the unknown stress could be readily calculated based on that shift and 
the elastic moduli of the material.  In this experiment, the alumina particle size (2-
3 µm) was significantly smaller than the x-ray penetration depth (~37 µm).  This 
in conjunction with the random orientation of alumina particles resulted in the 
measured stress within the alumina particles being homogenous.  This, however, 
is not always the case.  Sha et al.104 measured the stress generated in an 
Al2O3/YAG directionally solidified eutectic composite.  Due to the directional 
nature of this composite, the stresses were not homogenous, but instead varied 
with crystallographic direction.           
 X-ray diffraction also lends itself to measuring stresses at elevated 
temperatures.105-108  Huntz et al.106 studied the stress relaxation in Cr2O3 films 
grown from a Ni-Cr substrate.  Not only was the magnitude of stress measured at 
room temperature, it was also measured as a function of temperature up to 
900°C (Figure 2.14).  The compressive stress in the film gradually relaxed as 
temperature increased until the stress was completely relieved by 800 to 900 °C. 
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Figure 2.14  The relaxation of stresses in a Cr2O3 layer formed on a Cr-Ni 
substrate upon reheating to 900 °C.106 
 
 
2.6.2. Neutron Diffraction.  Neutron diffraction can also be used for the  
measurement of residual stresses.109-115  Neutron diffraction, much like x-ray 
diffraction, can be used to measure strains by measuring the d-spacings of a 
material and calculate stresses using elastic properties.  One of the main 
advantages to using neutron diffraction is its penetration depth.  Neutrons can 
penetrate mm’s or even cm’s into the bulkof a sample depending on the 
material’s neutron absorption cross section, whereas x-rays generated from 
standard metal targets such as copper penetrate on the order 100’s of microns or 
less.  This depth of penetration makes neutron diffraction useful for measuring 
stresses in the bulk of a material versus only the surface.  Bartolome et al.109 
measured the stresses present in ZrO2 reinforced Al2O3 composites.  Strains for 
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each phase were measured for three composites containing 1.7%, 14%, and 
22% ZrO2 (Figure 2.15).  It was found that tensile stresses within the ZrO2 phase 
decreased approximately linearly with increasing volume fraction.  It was also 
found that small, well-dispersed, uniformly sized ZrO2 particles result in a smaller 
effective thermal expansion anisotropy than agglomerated particles at the same 
volume fraction.   
 
 
Figure 2.15  Phase specific strains for alumina and zirconia as a function of 





 Neutron diffraction can be used not only to measure stresses in composite 
materials, but also to measure stresses in inherently anisotropic materials.  
Brown et al.114 investigated the development of stresses in beryllium which arise 
due to thermal expansion anisotropy between the basal plane and the c direction.  
A fine beryllium powder was used as a stress free reference to the hot-pressed 
beryllium sample.  Strains measured via d-spacings of the hot-pressed sample 
were then compared to those of the stress free powder in order to calculate 
stress.  It was found that at room temperature the c axis was under ~200 MPa 
compression, while the a and b axes exhibited ~100 MPa tension.  These 
stresses relaxed linearly up to 525 °C.  Above that temperature the beryllium did 
not possess sufficient strength to maintain stresses over the time scale of the 
measurement.  This zero stress point is important for accurate modeling of stress 
generation in materials.  
2.6.3. Raman Spectroscopy.  Raman spectroscopy is another method  
which can be used to measure stresses within a material.64,116-121  Raman 
spectroscopy works differently than either x-ray or neutron diffraction.  Instead of 
measuring physical strain in the form of d-spacing, Raman spectroscopy 
measures the vibrational energy levels of bonds through Raman scattering.122  
Most scattered light is of the same frequency as the incident light, however a 
small percentage known as Raman scattering is not.  Some incident photons 
excite an electron into a higher vibrational state, however when that electron 
returns to a lower vibrational state it does not drop all the way to its original state 
meaning the emitted photon is of lower energy than the incident.  This is known 
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as the Stokes portion of Raman scattering.  Less commonly the electron can 
return to a lower energy level than where it started thus imparting the emitted 
photon with more energy than the incident.  This is known as the anti-Stokes 
portion of Raman scattering.  Raman scattering is generally reported as the 
difference in energy between the incident photon and the scattered photon which 
corresponds directly to the energy difference between the electrons starting and 
ending vibrational states.  The vibrational energy levels of the electrons are 
sensitive to stress; therefore the Raman spectrum is sensitive to stress.   
Liu and Vohra121 examined the Raman spectrum of 6-H SiC as a function 
of pressure from ambient to 95 GPa.  By placing a single crystal of SiC in a 
diamond anvil cell the pressure could be increased incrementally while still being 
able to acquire the Raman spectrum through the diamond cell (Figure 2.16).  The 
main peaks, the TO (transverse optic) and LO (linear optic), both shift to higher 
wavenumber as pressure is increased.  By measuring the peak positions as a 
function of known applied stress, they were able to develop two equations 
relating the peak positions of 6-H SiC to the applied stress. 
21 013.083.31.970)( PPcmLO −+=
−ω  (1) 
21 009.011.32.789)( PPcmTO −+=
−ω  (2) 
where P is the stress in GPa, and ωLO and ωTO are the peak positions in 
wavenumbers of the LO and TO peaks, respectively.    
 38
 
Figure 2.16  Raman spectra for 6-H SiC at various applied hydrostatic 
pressures.121 
 
 Digregorio and Furak119 as well as Ghosh et al.64 have used Raman 
spectroscopy to measure the stresses within the SiC particulate phase of 
composite materials.  The small spot size (~1µm) associated with micro-Raman 
instruments allows individual particles to be analyzed.  Digregorio and Furtak119 
measured the residual stress in the SiC phase of an Al2O3/SiC composite.  
Stresses as high as 1900 MPa compressive were measured in the SiC phase for 
composites consisting of 12 vol% SiC.  Stress in the SiC phase decreased with 
increasing SiC content.  Ghosh et al.64 measured the stress in SiC particles 
within a ZrB2 matrix.  However in addition to measuring the residual stresses 
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generated through thermal expansion anisotropy, stresses generated through 
surface damage were also investigated.  Surface damage to the composite was 
simulated by scratching the surface at various loads using a Berkovich diamond 
indenter.  It was found that in the as processed composites the SiC particles 
were under a compressive stress due to the thermal expansion anisotropy 
between SiC and ZrB2.  However, scratching the surface induced a tensile stress 
in the SiC particles.  At indentation loads of 100 mN and above the induced 
tensile stress was greater than the initial compressive stress in the SiC particles 
leaving them with a residual tensile stress (Figure 2.17).  Tensile stresses in 








2.7. ANNEALING RESIDUAL STRESS 
While annealing to mitigate stresses is common in the production of both 
metals and glasses, it has received limited attention in ceramic systems.  
Nevertheless, a number of studies have been performed focused on the relief of 
residual stresses through annealing.123-128  Ahmed et al.124 investigated the effect 
of annealing on residual stresses in TiSiN coatings produced through physical 
vapor deposition (PVD).  Samples annealed at 400 °C were found to exhibit a 
31% decrease in residual stress and an 85% reduction at 900 °C compared to a 
non-annealed sample.  The stress relief was attributed to the reduction of defects 
in the as deposited coating.  
Samuel et al.126 annealed Ni-Zn ferrite materials to remove the residual 
compressive stress left after machining.  Annealed samples were held at 1000 °C 
for 45 minutes.  The annealing process was found to decrease the residual 
compressive stress on the surface by ~85% (Figure 2.18).  The surface 
compressive stress induced by grinding is accompanied by a tensile stress which 
lies below the compressive layer.  The magnitude of this tensile stress was also 
effectively decreased by annealing.  As a result of the anneal, the Weibull 





Figure 2.18  Residual stress as a function of surface depth both before and after 
annealing of Ni-Zn ferrite.126 
 
 
Luo and Stevens129 investigated the role of residual stress on the 
mechanical properties of SiC reinforced alumina composites.  Composites were 
investigated both in their as formed state and after having been annealed at 1300 
°C for two hours.  By performing TEM analysis of both as processed and 
annealed composites they were able to determine that dislocation motion played 
a role in stress relaxations.  In annealed samples, dislocation networks both in 
and surrounding the SiC particulates had formed more coherent sub grain 
boundaries, thereby reducing residual stress.    
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Abstract 
Raman spectroscopy and neutron diffraction were used to study the stresses 
generated in zirconium diboride-silicon carbide (ZrB2-SiC) ceramics.  Dense, hot 
pressed samples were prepared from ZrB2 containing 30 vol.% α-SiC particles.  
Raman patterns were acquired from the dispersed SiC particulate phase within 
the composite and stress values were calculated based on the observed peak 
shifts.  Neutron diffraction patterns were acquired for the ZrB2-SiC composite, as 
well as pure ZrB2 and SiC powders, during cooling from ~1800 °C to room 
temperature.  Residual stresses within the composite were calculated as a 
function of temperature by comparing the lattice spacing values for ZrB2 and SiC 
within the composite to those of the individual powders.  The temperature at 
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which stresses began to accumulate on cooling was also determined by 
observing the deviation in lattice parameters between pure powder samples and 
those of the composite.   
  
Keywords: Composites, Residual Stress, Thermal Expansion, Borides, SiC 
 
Introduction 
Zirconium diboride (ZrB2) belongs to a class of materials known as ultra-high 
temperature ceramics, which exhibit melting temperatures in excess of 
3000°C1,2.  The refractory diborides are generally resistant to chemical attack; 
this in addition to its high melting point has led to interest in ZrB2 as a material for 
molten metal crucibles3.  Along with high melting temperature and chemical 
resistivity, zirconium diboride composites, specifically those produced using 
silicon carbide (SiC) additives, display a wide variety of desirable properties.  
ZrB2-SiC composites have been shown to have strengths in excess of 1000 
MPa4-6 and hardness values of 22 GPa and higher4,5,7.  Zirconium diboride’s 
unusual combination of properties have resulted in interest for uses in refractory 
linings8-10, microelectronics11, electrodes12-14, cutting tools3,15, as well as for use 
in future aerospace vehicles16-18. 
 
The addition of SiC to ZrB2 has been shown to improve its strength
4-6,19-21, 
oxidation resistance21-23, and fracture toughness4,19; all important factors for 
potential use in aerospace applications.  These effects are, in large part, due to 
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the stresses generated in and around SiC particles as these materials are cooled 
from the processing temperature.  The room temperature coefficient of thermal 
expansion (CTE) of ZrB2 is approximately 5.2 ppm/K
2,24 while the CTE of the 6H 
polytype of α-SiC is approximately 3.3 ppm/K24.  As a result, as these materials 
are cooled from their final densification temperature (typically >1800°C), 
compressive stresses are generated in the SiC particles and corresponding 
tensile stresses are generated in the ZrB2 matrix as it tries to shrink at a faster 
rate than the SiC.  Raman spectroscopy is one method for measuring stresses in 
solids.  Unfortunately ZrB2 is not Raman active; however, SiC is.  The Raman 
patterns obtained from Raman active materials provide information similar to 
other spectroscopic techniques in that the pattern is unique to that specific 
material.  The locations of the peaks present in a Raman pattern are also 
sensitive to stress25-29.  While no general relationship equating peak shift to 
stress has been established, calibration curves have been experimentally 
obtained for a variety of materials making it possible to correlate peak shift to the 
stress that material is experiencing28,30,31.  One limitation of Raman spectroscopy 
is that it is surface sensitive for opaque materials such as SiC.  Neutron 
diffraction, on the other hand, is capable of providing lattice spacing data from 
the bulk of a sample, not just at the surface.  As a result, neutron diffraction can 
be used to measure the internal stresses within a material by comparing the 
measured peak positions to the known peak positions from stress free materials. 
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The goal of the current study was to measure the residual stresses that develop 
in hot pressed ZrB2-SiC composites during cooling from the final densification 
temperature.  This was accomplished using both Raman spectroscopy and 
neutron diffraction.  Raman data was collected on individual SiC particles (~1µm 
in size) within the composite.  Special samples had to be prepared in order to 
collect neutron diffraction data.  While naturally occurring boron consists of 80% 
11B and 20% 10B the high neutron absorption cross section of 10B (3835 Barns)32 
makes neutron diffraction impractical.  The absorption cross section of 11B 
however is only 0.0055 barns32.  In light of this, samples were produced via 
reactive processing using ZrH2 and 
11B powder precursors to produce ZrB2 
composites suitable for neutron diffraction studies.  Three samples were then 
prepared for neutron diffraction:  pure Zr11B2, pure SiC, and a composite 
consisting of 70 vol% Zr11B2 with 30 vol% SiC.  Neutron diffraction patterns were 
gathered on all three samples at temperature intervals ranging from room 
temperature to 1750 °C to determine the total magnitude of stress present as 
well as to determine the temperature at which stresses begin to accumulate 
during cooling.   
Experimental Procedure 
Materials and Processing 
Two powder preparation methods were used in this study.  The samples 
prepared for Raman characterization were produced from ZrB2 powder (H.C. 
Starck, Grade B, Goslar, Germany) and SiC powder (H.C. Starck, Grade UF-25).  
The UF-25 SiC is an alpha-SiC consisting primarily of the 6H polytype.  A mixture 
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of 70 vol% ZrB2 and 30 vol% SiC powder was then attrition milled using WC 
milling media and acetone for a duration of 2 hours.  Following attrition milling the 
acetone was removed from the milled slurry using rotary evaporation.  The dried 
powder was then passed through a 60 mesh sieve in order to facilitate uniform 
die filling later in the process.  The samples for neutron diffraction were prepared 
reactively using ZrH2 (Alfa Aesar, Grade Z-1038, Ward Hill, MA), boron (Eagle 
Picher Boron Products, Isotopic enriched boron 11 metal, Quapaw, OK) and the 
same SiC as above.  These powders were ball milled for 12 hours using acetone 
and WC milling media in place of attrition milling for 2 hours as was done for the 
other samples in an effort to effect the same particle size reduction while 
minimizing WC contamination.  The solvent was then removed using rotary 
evaporation and the dried powders were passed through a 60 mesh sieve. 
 
Both compositions were hot pressed in 44mm diameter circular graphite dies.  
The hot press dies were lined with graphoil and the ends of the rams, which 
would be in contact with the powder, were coated with boron nitride spray 
(Cerac, SP-108, Milwaukee, WI).  After the powder was loaded into the die, it 
was cold pressed to ~6 MPa.  All densification in this study was performed using 
a resistively heated graphite element hot press (Thermal Technology Inc., Model 
HP20-3060-20, Santa Rosa, CA).  Below 1650°C, samples were heated under 
mild vacuum (~20 Pa).  The sample being prepared reactively was heated at 
~5°C/min up to 700°C for the ZrH2 and 
11B to react to form ZrB2.  The non-
reactive sample was heated directly to the first hold temperature (1450°C) at a 
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rate of ~75°C/min.  For both compositions, the powder compact was then heated 
successively to hold temperatures of 1450°C and 1650°C to facilitate the removal 
of oxide species from the surfaces of the powders.  After the 1650°C hold the 
furnace atmosphere was changed from vacuum to argon, a hydraulic ram 
pressure of 32 MPa was applied, and the temperature was raised to 1900°C.  
The movement of the hot press rams was monitored and used to determine 
when densification had ceased.  Once ram travel had ceased, the furnace power 
was turned off and the furnace was allowed to cool (~ 50°C/minute from 1900°C 
to below 600°C).  Load on the sample was maintained until the temperature fell 
to 1650°C and was then removed. 
   
After hot pressing, billets were removed from the die and surface ground in order 
to make the surfaces flat and parallel as well as remove any boron nitride 
adhering to the specimen surfaces.  Each billet was then cut into bars ~2.5mm in 
width.  Finally the bars were ground to obtain final cross sectional dimensions of 
1.5mm x 2mm.  All cutting and grinding was done with diamond abrasive wheels 
on an automated surface grinder (Chevalier, FSG-3A818, Santa Fe Springs, CA).  
Specimens prepared for Raman measurements and microscopy were polished to 
a 0.25 µm diamond finish.   
Characterization 
Archimedes’ density measurements were made for each billet.  After the dry 
weight was recorded, samples were saturated by submersion in distilled water 
and placing them under vacuum for 12 hours.  The saturated and suspended 
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weights were then measured to calculate a final density.  Microstructural analysis 
was performed using a Hitachi S570 scanning electron microscope (Tokyo, 
Japan).  Particle size was determined using ImageJ software by analyzing ~500 
grains.  X-ray diffraction analysis was performed using a Phillips X-Pert Pro 
diffractometer (Westborough, MA). 
 
Stress measurements were obtained using both Raman spectroscopy and 
neutron diffraction.  Raman measurements were made using a Horiba LabRAM 
ARAMIS spectrometer (Edison, NJ).  Before the data set was obtained the 
instrument was calibrated using a silicon standard, and data was collected up to 
1000 wave numbers.  Raman patterns were gathered only from the SiC within 
the ZrB2-SiC composite material due to ZrB2 being Raman inactive.  Data was 
gathered from 25 separate SiC particles or regions within the microstructure.  
Neutron diffraction was performed using the time of flight (TOF) method in the 
Lujon Center at Los Alamos National Lab using the Spectrometer for Materials 
Research at Temperature and Stress (SMARTS).  Specimens were placed inside 
a tungsten element furnace situated in the path of the neutron beam.  The 
specimens were heated to a maximum temperature of 1750°C under vacuum 
(1x10-4 Torr).  Neutron diffraction patterns were collected at various temperatures 
upon both heating and cooling.  Temperature was allowed to equilibrate for 15 
minutes prior to each measurement.  Data was then gathered for approximately 1 
hour at each temperature.  Diffraction data was collected for a composite 
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material consisting of 70vol% Zr11B2 and 30vol% SiC as well as for the individual 
Zr11B2 and SiC materials.  
Results and Discussion 
Final densities and SiC particle sizes were measured for both the ZrB2-SiC and 
Zr11B2-SiC composite materials (Table I) to ensure that microstructures and 
densities were similar.   Both materials were hot pressed to full density as 
measured by Archimedes’ technique.  As can be seen in Table I both materials 
actually reached a slightly higher density than predicted based on the nominal 
composition of 70 vol% ZrB2 and 30 vol% SiC.  This was due to the incorporation 
of small amounts of WC milling media used; approximately 2 wt% WC was in the 
ZrB2-SiC composite and 4 wt% was in the Zr
11B2-SiC composite.  The 
microstructures of both materials consisted of a ZrB2 matrix containing a fine, 
well dispersed SiC second phase (Figure 1).  The SiC particulate size in the 
reaction processed specimen (~2 µm) was slightly smaller than for the 
conventional specimen (~3 µm).  This is consistent with previously reported 
results7.  Given the similarity in microstructures there should not be a significant 
difference in stress evolution during processing between the two materials.  
  
A Raman pattern (Figure 2) obtained from the SiC particles in the hot pressed 
ZrB2-30 vol% SiC specimen shows measurable peak shifts in the wave number 
for both the transverse optic (TO) and linear optic (LO) peaks.  The TO and LO 
peaks have been shifted by 0.8 cm-1 and 3.9 cm-1, respectively, to higher wave 
numbers.  Figure 2 illustrates how the peaks in the Raman pattern of stressed 
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SiC shift away from the standard, unstressed locations.  This phenomenon has 
been studied for a number of materials and can be used to calculate the internal 
stress of the material being analyzed26,31,33.   
 
Liu and Vohra26 analyzed Raman peak shifting of 6H SiC as a function of applied 
hydrostatic pressure from ambient up to 90 GPa compressive stress.  Further, 
Liu and Vohra were able to develop an equation (Equation 1) to correlate the 
magnitude of peak shift to the internal stress in 6H SiC. 
 
                                         21 009.011.32.789)( PPcmTO −+=
−ω                         (1)26 
 
In this equation ωTO refers to the peak position of the transverse optical (TO) 
peak, and P is the internal stress in GPa.  Using the unstressed position of the 
TO peak (789.9 cm-1 in this case), and combining that term with the ωTO term and 
solving for P, a second equation which allows for the calculation of internal stress 
by inputting the amount of peak shift (∆TO) is obtained (Equation 2). 
 





=                                  (2) 
 
A representative Raman pattern (Figure 3) acquired from an individual SiC 
particle in the conventionally hot pressed ZrB2-30vol% SiC material shows a TO 
peak shift of 2.5 cm-1.  The TO peak was focused on for this study due to the 
strength of the peak and the ability to obtain accurate peak fits.  When two or 
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more peaks overlap with one another, the resultant peak positions are affected 
due to the additive effect of the multiple peaks.  Therefore, it is necessary to 
deconvolute the peaks to obtain the true peak positions.  Figure 3 is a plot of raw 
Raman data representative of the data set along with deconvoluted peak fits to 
determine the true center of the TO peak.    
 
By inputting the TO peak shift (2.5 cm-1) for ∆TO in Equation 2, the internal stress 
in a representative SiC particle was calculated to be approximately 810 MPa 
(compressive).   Using that stress value (σ), along with the elastic moduli (E) and 
Poisson’s ratios (v) of SiC and ZrB2, the difference in thermal expansion 
coefficient (∆α) between SiC and ZrB2, and the volume fraction of particulate 
phase (Vp), it is possible to calculate the temperature at which stresses began to 
accumulate upon cooling (Equation 3). 
 





















T                         (334) 
 
While the CTE of both SiC and ZrB2 change as a function of temperature, the 
difference in CTE is ~2 ppm/K over the entire processing temperature range.  By 
inputting that value for ∆α, 415 GPa35 for Ep, 489 GPa
2 for Em, 0.14 and 0.16 for 
vm
36 and vp
35 respectively, and the measured compressive stress of 810 MPa for 
σ, ∆T is found to be 1594 K.  Taking into account that the stress was measured 
at room temperature, the measurement suggests that stresses started to 
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accumulate at approximately 1620°C during cooling.  It is also important to note 
here that Raman spectroscopy is a surface sensitive characterization technique.  
Therefore, the stresses measured on a free surface of the sample could be 
different than those that exist in the bulk of the material.      
 
Neutron diffraction, on the other hand, allows in-situ measurement of the internal 
stresses in the bulk of the material as the specimen is heated to near the 
processing temperature and then cooled.  Figure 4 illustrates the lattice 
parameters for the (006) SiC plane between a powder specimen (i.e., no residual 
stress due to CTE mismatch with a matrix phase) and SiC in the Zr11B2-30vol% 
SiC specimen.  Data was collected as the specimen was cooled from 1750°C to 
room temperature.  The CTE was measured for the SiC powder based on the 
shift in lattice parameter as a function of temperature.  Fitting the data with a 3rd 
order polynomial shows good agreement with data in the literature24,35 and 
results in a room temperature CTE of 3.7 ppm/°C. 
 
At temperatures of 1500°C and higher, the lattice parameters of the powder and 
the composite overlapped with one another as is expected when both materials 
are stress free.  However, at some temperature between 1500°C and 1200°C the 
lattice parameters of the two materials begin to deviate.  The major reason for 
the two lattice parameters to differ from each other as a function of temperature 
was the stress generated in the composite specimen during cooling due to its 
CTE mismatch with the ZrB2 matrix.  The plot indicates that the stresses did not 
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begin to accumulate until some point between 1200 and 1500°C.  The room 
temperature lattice parameter difference between the powder and composite 
specimens was measured to be 0.0047 Å, which equates to a strain of 0.187%.  
By relating the strain to stress using the elastic modulus, the stress within the SiC 
was found to be ~775 MPa (compressive).   
 
In order to determine if the ∆T values calculated from the Raman stress 
measurement was reasonable, a similar calculation was performed using the 
stress of 775 MPa measured by neutron diffraction and the ∆T range known from 
the lattice parameter measurements.  Inputting 775 MPa into Equation 3 yields a 
temperature where stresses begin to accumulate of ~1550°C, which is 
comparable to the 1500°C measured in neutron diffraction.   Further investigation 
into the neutron diffraction data, however, revealed that more than just a CTE 
mismatch between ZrB2 and SiC affected the lattice parameter shifts within the 
composite.     
 
The lattice parameters for ZrB2 in the composite should be shifted as compared 
to those of the standard powder due to internal stresses.  However, they should 
be self consistent between heating and cooling cycles.  The (002) lattice 
parameter measured for the ZrB2 within the composite (Figure 5), differed at any 
given temperature during heating and cooling.  The lattice parameter became 
larger as temperature increased, as expected due to thermal expansion.  
However during cooling, the lattice parameter decreased, but remained larger 
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than it was on heating over the entire temperature range.   Figure 5 illustrates 
how the (002) lattice parameter of ZrB2 within the composite changed during 
heating and cooling.  The deviation between the two likely indicated a 
compositional change within the composite that was shifting the lattice 
parameters after prolonged exposure to high temperatures.   
 
Microscopy analysis was used to investigate the compositional changes in the 
Zr11B2 - 30vol% SiC specimen after elevated temperature neutron diffraction.  
The SEM images revealed the presence of a third phase (Figure 6) in addition to 
ZrB2 and SiC.  This third phase presumably evolved during the high temperature 
portion of the experiment.  Energy dispersive spectroscopy (EDS) indicated that 
the third phase was rich in tungsten.  Figure 6 is a backscattered SEM image of 
the surface of the specimen showing the presence of a high z-contrast phase 
with respect to ZrB2.  X-ray diffraction performed on that same specimen also 
indicated the presence of a third phase, which exhibited diffraction peaks 
consistent with WSi2 (Figure 7).  Figure 7 illustrates the presence of three peaks 
consistent with WSi2 in what is otherwise a typical ZrB2 diffraction pattern.  
Neither XRD nor SEM indicated the presence of this phase prior to the neutron 
diffraction experiment.  Based on the introduction of WC introduced into the 
specimen during milling, it appears that the W went into solid solution during 
processing, and stayed in solution after the relatively rapid cooling (~100°C/min) 
following densification.  During the diffraction experiment however, the specimen 
was held at various temperatures below the densification temperature for over an 
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hour at each temperature while the neutron diffraction pattern was being 
collected.  It appears that the WC (or just the W) came out of solution and 
reacted with the SiC to form WSi2.  The exsolution of WC (or W) from ZrB2 would 
be expected to increase the lattice parameters as measured via neutron 
diffraction since W has a smaller covalent radius than Zr37.      
 
The stress calculated from Raman spectroscopy peak shifts (810 MPa) was 
slightly higher than that calculated from neutron diffraction analysis (775 MPa).  
This is counterintuitive based on the notion that the particles analyzed using 
Raman were on a free surface, which would presumably reduce stress compared 
to the bulk by releasing part of the constraint on the particle.  While neutron 
diffraction has been extensively used to measure the internal stresses of 
composite materials38-41, it has also been shown that the measured lattice 
parameter shifts expected due to CTE mismatch can be altered by changes in 
chemistry42.  If the third phase had the same effect on the SiC as on the ZrB2, 
that of increasing the lattice parameter, it would mask some of the contraction in 
lattice parameter due to compressive stress and could result in a lower measured 
stress.  In light of this, further neutron diffraction experiments could benefit from 
production of samples without any WC impurity to confirm the SiC lattice 
parameter data and collect complementary data for lattice parameter changes 
and residual stresses in ZrB2.   
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Conclusions 
Raman spectroscopy and neutron diffraction were used to determine the 
stresses generated in SiC particles within ZrB2-SiC composites during 
processing.  Peak shifts measured by Raman spectroscopy were consistent with 
a compressive stress of ~810 MPa at room temperature, which corresponds to a 
zero stress temperature of ~1620°C during cooling from the densification 
temperature.  Zr11B2-SiC composites were successfully fabricated using 
11B 
isotope.  Lattice parameters for the composite were measured using neutron 
diffraction from room temperature up to 1750 °C.  Lattice parameter changes in 
the SiC indicated a compressive stress of ~775 MPa and a zero stress 
temperature between 1200 and 1500°C.  The discrepancy between Zr11B2 lattice 
parameters on heating and cooling, as well as subsequent XRD and SEM 
analysis, suggest that the WC impurity introduced during milling caused 
compositional changes and thus altered lattice parameters during the 
experiment.   
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Figure 1  Microstructural comparison of conventionally hot pressed ZrB2-SiC (a) 








Figure 2 Raman pattern for 6H SiC from a hot pressed ZrB2-SiC composite with 
unstressed peak positions identified with lines. 
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Figure 3  Representative raw Raman spectrum from an individual SiC particle as 




Figure 4  The (006) lattice parameter of both SiC powder and SiC within the 










Figure 5  The (002) lattice parameter for ZrB2 in the composite deviating from 










Figure 6  Backscatter SEM image of the surface of a sample exhibiting a high z-











Figure 7  X-ray diffraction spectrum from the surface of a sample exhibiting a 
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Abstract 
Neutron diffraction, Raman spectroscopy, and x-ray diffraction were employed to 
measure the stresses generated in the ZrB2 matrix and SiC dispersed particulate 
phase in ZrB2-30vol% SiC composites produced by hot pressing at 1900°C.  
Neutron diffraction measurements indicated that stresses begin to accumulate at 
~1400 °C during cooling from the processing temperature and increased to 880 
MPa compressive in the SiC phase and 450 MPa tensile in the ZrB2 phase at 
room temperature.  Stresses measured via Raman spectroscopy revealed the 
stress in SiC particles on the surface of the composite was ~390 MPa 
compressive, which is ~40% of that measured in the bulk by neutron diffraction.  
Grazing incidence x-ray diffraction was performed to further characterize the 
stress state in SiC particles near the surface.  Using this technique, an average 
compressive stress of 350 MPa was measured in the SiC phase, which is in 
good agreement with that measured by Raman spectroscopy. 
 




Zirconium diboride (ZrB2) is one of a group of metal boride compounds known as 
ultra-high temperature ceramics (UHTCs), which exhibit melting temperatures in 
excess of 3000 °C.1,2 In addition to their high melting point, the metal borides are 
generally resistant to chemical attack.3  Additionally, ZrB2 composites, specifically 
those produced using silicon carbide (SiC) as a uniformly dispersed second 
phase, display a wide variety of desirable properties.  Flexural strengths have 
been reported in excess of 1000 MPa.4-6  The addition of SiC increases fracture 
toughness from ~3.5 MPa/m1/2 for monolithic ZrB2
4
 to as much as 5-6 MPa/m
1/2 
for ZrB2 with additions of 20 to 30 vol% of SiC particles.
4,7  Composites of ZrB2
 
and SiC also exhibit increased oxidation resistance over that of monolithic ZrB2 
by producing a silica containing glassy layer on the surface which slows the rate 
of further oxidation at temperatures above ~1100 °C.2,8-13  Both pure ZrB2 and 
ZrB2-SiC composites have been shown to possess thermal conductivities above 
60 W/m·K.14   This combination of properties has made ZrB2-SiC composites 
attractive candidates for future aerospace applications.15-17  
 
For ZrB2-SiC composites, the mismatch in the coefficient of thermal expansion 
(CTE) between the ZrB2 matrix and the dispersed SiC particulate phase results in 
the generation of residual stresses in both phases during cooling after 
densification at elevated temperatures.  Further, the residual stresses would be 
expected to play a significant role in controlling the thermal and mechanical 
properties, as well as the behavior of ZrB2-SiC composites as a function of 
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temperature.  The coefficient of thermal expansion (CTE) of ZrB2 is 
approximately 2 ppm/K higher than that of the 6H polytype of α-SiC over the 
temperature range being tested (room temperature to 1750 °C).  Specifically, 
ZrB2 has a CTE of ~5.2 ppm/K at 298 K
2,18, while SiC is ~3.3 ppm/K at 298 K18.  
Because of the CTE mismatch, as ZrB2-SiC composites are cooled from their 
final densification temperature (typically >1800 °C) the matrix tries to shrink at a 
faster rate than the SiC particles.  The result, after cooling to room temperature, 
is a tensile stress state in the ZrB2 matrix and a corresponding compressive 
stress state in the SiC particulate phase.   
 
One analytical technique that has been used for measuring residual stresses in 
ceramics is neutron diffraction.19-22  Neutron diffraction is preferable to standard 
x-ray diffraction in this case because neutrons are capable of probing the entire 
volume of a sample23.  For comparison, typical x-ray diffraction studies that use 
Cu Kα radiation would penetrate a maximum of ~50 µm into a ZrB2-SiC 
composite according to equations 10 and 11 which will be discussed in detail 
below.  For diffraction studies, residual stresses in composite materials are 
calculated by comparing the lattice parameters of pure, stress free constituents 
of a given composite (typically powders) to those of the matrix and dispersed 
second phase in a composite after processing. Using the appropriate elastic 
moduli for the phases, the lattice parameter changes (strains) can be converted 
to internal stresses.  
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Raman spectroscopy is another method for measuring the residual thermal 
stresses in Raman active materials.  Raman spectroscopy uses scattered light 
(usually visible wavelength laser light) to probe the vibrational energy levels of 
chemical bonds.24  Similar to other forms of spectroscopy, Raman patterns are 
specific to a compound or molecule, which allows for its use in phase 
identification.  In addition to Raman peaks being unique to a particular 
compound, the absolute position of Raman peaks is sensitive to stress.25-29  
While no universal correlation between Raman peak position and stress has 
been identified, various materials have been examined under known stresses to 
correlate peak shift to stress.26,28,30,31  Raman spectroscopy is limited, however, 
by the fact that not all materials exhibit Raman scattering.  It is also a surface 
sensitive technique for materials that are opaque to the incident light. 
 
In a recent study, neutron diffraction was used to measure the thermal residual 
stresses in ZrB2-SiC composites.
22  The composite material used in that study 
was produced by attrition milling the starting powders with tungsten carbide (WC) 
media.  As a result, the final composites contained a small amount of WC 
contamination (~4 wt%)22.  During the neutron diffraction experiments at elevated 
temperatures, the W contamination that was initially present as a solid solution 
with the ZrB2 matrix came out of solution, which altered the ZrB2 lattice 
parameter.  As a result, it was not possible to decouple the change in lattice 
parameter due to the chemical change and that due to thermal stresses, 
meaning that the stress in the ZrB2 matrix could not be calculated from the data.  
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The goal of the current study was to measure the thermally induced residual 
stresses in ZrB2-SiC composites using both neutron diffraction and Raman 
spectroscopy for materials free of any W contamination.  Special samples had to 
be prepared for use in neutron diffraction.  Naturally occurring boron consists of 
~80 % boron-11 (11B) and ~20 % boron-10 (10B); the high neutron absorption 
cross section of 10B (3835 Barns)32 causes low diffracted beam intensity making 
neutron diffraction impractical in ceramics containing natural boron.  However, 
the neutron absorption cross section of 11B is 0.0055 barns.32  In order to take 
advantage of the low absorption cross section of 11B, samples were produced via 
reactive hot pressing using ZrH2 and 
11B powder precursors to produce Zr11B2 
based composites suitable for neutron diffraction.  Three samples were prepared 
for neutron diffraction: pure Zr11B2 powder, pure SiC powder, and a dense 
composite consisting of 70 vol% Zr11B2 and 30 vol% SiC.  To determine the total 
magnitude of residual stresses within the composite, as well as the temperature 
at which stresses began to accumulate on cooling, neutron diffraction patterns 
were collected at temperature intervals ranging from 1750 °C down to room 
temperature.  To complement the neutron diffraction data, stress measurements 
were also made using Raman spectroscopy by examining individual SiC particles 
within the composite microstructure. 
Experimental Procedure 
The ZrB2-SiC particulate composites used in the current study were prepared via 
a reactive route to control the isotopic content of boron in the material.  The 
composite was prepared from ZrH2 (Alfa Aesar, Grade Z-1038, Ward Hill, MA, 
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USA), boron (Ceradyne Boron Products, Isotopic enriched boron 11 metal, 
Quapaw, OK, USA) and SiC powders (H.C. Starck, Grade UF-25, Goslar, 
Germany).  The SiC powder was an α-SiC consisting primarily of the 6H 
polytype.  An appropriate amount of each powder was used to produce a 70 
vol% Zr11B2-30 vol% SiC composite.   The powders were attrition milled using a 
fluoropolymer lined vessel, acetone as the liquid medium, and SiC milling media 
(4.7mm diameter SiC satellites, Union Process, Akron, OH, USA).  The powders 
were attrition milled for 2 hours to reduce particle size and to intimately mix the 
powders to facilitate later reaction.  Following attrition milling the slurry was rotary 
evaporated to remove the acetone and minimize preferential settling.  At this 
stage, an effort was made to limit the exposure of the powder to air as both the 
ZrH2 and 
11B powders are reactive with oxygen and moisture in the atmosphere.  
The newly formed surfaces from milling serve to increase their reactivity further.  
Following solvent removal, the dried powder was passed through a 60 mesh 
sieve to facilitate uniform die filling for hot pressing.  
 
The composite was hot pressed in a graphite die to produce a sample ~44 mm in 
diameter prior to sectioning.  The die wall, as well as the ends of the die rams, 
were coated with graphite paper (Graphoil, GTA grade, Leader Global 
Technologies, Deer Park, TX, USA).  The ends of the die rams, which would be 
in contact with the powder, were also coated with a boron nitride spray (Cerac, 
SP-108, Milwaukee, WI, USA) to prevent reaction with the graphite.  The powder 
was loaded in the die and cold compacted to ~6 MPa.  Densification was 
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achieved using a resistively heated graphite element hot press (Thermal 
Technology Inc., Model HP20-3060-20, Santa Rosa, CA, USA).  Below 1650 °C 
the powder compact was heated under vacuum (~25 Pa).  The powder was 
heated at ~5 °C/min up to 700 °C to allow the ZrH2 and 
11B to react and form 
Zr11B2.  The compact was then heated at ~75 °C/min to 1450 °C and 1650 °C, 
with 1 hour holds at each temperature to facilitate the removal of oxide species 
from the surfaces of the powders.  Following the hold at 1650 °C the atmosphere 
was changed from vacuum to argon, 32 MPa of uniaxial pressure was applied, 
and the sample was heated at ~50 °C/min to 1900 °C.  Once reaching 1900 °C 
the hydraulic ram travel was monitored to determine the extent of densification.  
Once ram travel had ceased, the furnace power was turned off and the sample 
allowed to cool (~50 °C/min from 1900 °C to below 600 °C) to room temperature.  
Pressure was maintained on the sample until the temperature fell below 1650 °C.  
Following densification the hot pressed sample was removed from the die and 
surface ground on both sides to remove any graphite or boron nitride adhering to 
the sample.  A specimen approximately 4.2mm x 5.2mm x 30mm was sectioned 
out of the hot pressed sample for the neutron diffraction experiment. 
 
Stress measurements were performed by neutron diffraction, Raman 
spectroscopy, and x-ray diffraction.  Neutron diffraction was performed using the 
time of flight (TOF) method on the Spectrometer for Materials Research at 
Temperature and Stress (SMARTS) in the Lujan neutron scattering center at Los 
Alamos National Laboratory.  The 70 vol% Zr11B2-30 vol% SiC composite 
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specimen (4.2mm x 5.2 mm x 30mm) was positioned vertically in a graphite 
holder within a tungsten element furnace situated such that only the specimen 
was exposed to the neutron beam.  The specimen was heated under vacuum 
(~1.3x10-3 Pa) to a maximum temperature of 1750 °C at a rate of 20 °C/min.  
Neutron diffraction patterns were collected at regular temperature intervals 
ranging from room temperature to 1750 °C during both heating and cooling 
cycles.  The temperature was allowed to equilibrate for 15 minutes prior to each 
measurement.  Diffraction data was then collected for approximately one hour at 
each temperature. The same procedure was followed to measure both pure 
Zr11B2 and SiC powders, except that the powders were contained in a niobium 
crucible.  The data collected on heating was indistinguishable from that gathered 
on cooling; for the purposes of this study the cooling data was used for 
subsequent measurements and calculations.  Single peak fitting as well as whole 
pattern fitting were performed using the General Structure Analysis System 
(GSAS) software package33.  Raman measurements were made using a Raman 
spectrometer (Horiba LabRAM ARAMIS, Edison, NJ, USA) employing a 633 nm 
HeNe laser and a 1 µm spot size.  Prior to collecting data, the instrument was 
calibrated using a silicon standard and the main silicon peak at 520.0 cm-1.  
Raman patterns were acquired only from the SiC particles within the 
microstructure since ZrB2 is not Raman active.  Spectra were acquired from 25 
individual SiC particles from the surface of the specimen.  X-ray diffraction was 
performed using a grazing incidence diffractometer (PANalytical, X-Pert, Almelo, 
The Netherlands).  The source was set at an angle of incidence of 1° to the 
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surface of the specimen, and the detector was moved to scan the range from 5° 
to 90° 2-theta.  Specimens of the Zr11B2-SiC composite, as well as of the pure 
SiC powder, were measured.  Single peak fitting was employed to determine 
peak shifts between the powder and composite.      
  
Microstructural images were obtained by scanning electron microscopy (SEM), 
(Hitachi, S570, Tokyo, Japan).  Specimens were polished to a 0.25 µm finish 
using diamond abrasives.  Image analysis was performed using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA). 
 
Results and Discussion 
The neutron diffraction experiment involved holding the specimen at elevated 
temperatures (as high as 1750 °C) for extended periods of time; therefore, the 
microstructure of the specimen was examined using SEM both before and after 
neutron diffraction to determine whether or not the experiment affected the 
microstructure (Figure 1).  The micrographs indicate homogenous 
microstructures consisting of a Zr11B2 matrix (the light grey phase) with uniformly 
dispersed SiC particles (the dark phase).  It is important that the microstructure of 
the specimens does not change during the neutron diffraction experiment.  Grain 
growth of either phase, or coalescence of the dispersed SiC particulate phase, 
could generate or alleviate stresses independent of the thermal cycle.  The 
microstructures in Figure 1 are indistinguishable from one another; this in 
addition to the lack of any additional phases detected via neutron diffraction 
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indicate that the measured lattice parameter shifts were likely due to temperature 
effects and not other microstructural changes.   It should be noted that the 
outermost surface of the specimens was affected by extended holds at elevated 
temperature, and in particular by the high vacuum (~1.3x10-3 Pa) conditions 
during testing.  The temperatures of the experiment combined with the 
atmospheric pressure fall into a regime where SiC is known to actively oxidize.34-
36  As a result, SiC particles near the specimen surface underwent active 
oxidation leaving a surface layer of ~50 microns that was depleted of SiC (Figure 
2).  The transition between the SiC depleted layer and the normal microstructure 
remained sharp.  While a decrease in the amount of SiC taking part in the 
neutron diffraction should result in diminished peak intensity, the thickness of the 
depleted layer represents a small volume of material in comparison to the overall 
specimen.  Based on the thickness of the SiC depleted layer, approximately 4.5 
vol% of the SiC was lost.  While this would result in a small decrease in the 
diffracted intensities, the loss of SiC would not affect the peak positions and, 
therefore, should not impact the analysis of residual stresses.   
 
The change in intensity of a diffracted peak as a function of temperature is 
governed by the Debye-Waller factor.  The intensity should decrease as 
temperature increases due to increased thermal vibrations.  This change, 
however, is completely reversible and as the specimen is cooled the intensity 
should return to its original value.  Deviation from this behavior is an indication 
that the quantity of the phase in question has been altered during the experiment; 
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whether by reaction, oxidation, or some other means.  Plotting intensity as a 
function of temperature for representative peaks from Zr11B2 and SiC, the (110) 
and (108) respectively, revealed that the change in intensity as a function of 
temperature was completely reversible (Figure 3).  The other crystallographic 
directions show the same behavior.  The slight difference in diffracted intensities 
(~4%) between heating and cooling of the SiC is consistent with the loss of a 
small amount of SiC due to active oxidation as discussed earlier.   
 
Initially, single peak fitting was performed on peaks in both the composite and 
powder samples using only peaks that exhibited no overlap with peaks from the 
other phase or the Nb container used for the powder samples.  This was done in 
an effort to minimize any potential error due to interference between peaks.  
Examples of the peak fits for the Zr11B2 (110) and SiC (006) reflection (Figure 4) 
illustrate the isolated peaks used for data fitting.  The plus symbols represent the 
actual data points with a curve representing a smooth fit passing through the 
data.  The lower line in the plots is a measure of the error between the actual 
data and the position of the fit curve.  The fits obtained using this method 
produced data that could be used to calculate stresses; however, only two peaks 
from each phase could be fit due to overlap of the other peaks.  The stressed 
positions of the SiC (006) and Zr11B2 (110) peaks were found to be 2.50817 ± 
0.0001 Å and 1.5853 ± 0.0001 Å respectively.  To calculate stresses based on 
more crystallographic reflections, full pattern fitting was then also employed 
(Figure 5).  Rietveld refinements resulted in fits with reduced chi2 values below 3.  
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Following refinement, each pattern was visually inspected to ensure that the 
background fit was not overparameterized.   
 
To gauge the accuracy of the full pattern fitting, the available single peak fits 
were compared to their counterparts in the full pattern fitting.  The SiC (006) d-
spacing obtained at room temperature from the full pattern fit was the same as 
that obtained by the single peak fit to within 0.0001 Å, which was at the resolution 
of this measurement.  The Zr11B2 (110) d-spacing was different by only 0.0004 Å.  
This close agreement between techniques indicated that the full pattern fitting 
was able to fit the individual peaks with the same precision as the single peak 
method.  As a result all calculations have been performed using data gathered 
from full pattern fitting.  
 
The residual stresses present in the Zr11B2-SiC composites were calculated by 
comparing the lattice parameters of Zr11B2 and SiC from the composite with 
those of pure powders, which were assumed to be stress free.  The strain (ε) in 
the composite was calculated by dividing the difference in lattice parameter (∆L) 
between the composite and powder by the lattice parameter of the stress free 
powder (Lo), which was assumed to be unaltered by stress (ε=∆L/Lo).  By 
knowing the elastic modulus (E) of the material as a function lattice direction, the 
stress (σ) can then be calculated (σ=Eε).  Because the strains, and therefore the 
calculated stresses, are specific to a given crystallographic direction, the average 
elastic modulus of the material is not sufficient for the calculation of the 
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directionally dependent stresses.  Instead, the elastic modulus specific to each 
crystallographic direction must be used (Ehkl), which requires use of the full 
elastic matrix.  Since ZrB2 and α-SiC have hexagonal crystal structures, they 
each have five independent stiffness coefficients as shown in the elastic stiffness 
matrix (Equation 1).  The values of each stiffness coefficient for both ZrB2 and 
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Using an equation developed by Zhang et al.38 the elastic modulus, Ehkl, related 
to any crystallographic direction in a hexagonal crystal can be calculated from 
equation 2. 
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Where s11, s12, s13, s33, and s44 represent the compliance coefficients for a 
hexagonal crystal, h, k, and l are the Miller indices of the desired crystallographic 
direction, and a and c are lattice parameters.  The a and c lattice parameters for 
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ZrB2 are 3.168Å and 3.530 Å (JCPDS card no. 34-0423), respectively, while 
those for SiC are 3.073 Å and 15.080 Å (JCPDS card no. 29-1131), respectively.  
The compliance coefficients of both ZrB2 and SiC needed for equation 2 were 



























c =  (7)37  
( ) 213121133 2ssssS −+=  (8)37  
  
Solving equations 3-8 simultaneously and using the stiffness coefficients from 
Table I, yielded the compliance coefficients for both ZrB2 and SiC (Table II). 
 
Using equation 2, the Miller indices of given directions for SiC and Zr11B2, and 
the compliance coefficients in Table II, the elastic moduli were calculated for 
seven individual crystallographic directions for both SiC and Zr11B2 as shown in 
Table III and Table IV, respectively.  Also in Table III and Table IV are the 
stresses calculated for those crystallographic directions in both SiC and Zr11B2.  
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These calculations indicate an average compressive stress within the SiC of 
~880 MPa and a corresponding average tensile stress within the Zr11B2 of ~450 
MPa for composites cooled to room temperature.  In a composite such as this, 
the stresses within the two phases must be balanced.  That is to say that using 
the rule of mixtures, the sum of the stresses, weighted according to volume 
fraction of each phase, must sum to zero.  Starting with the nominal SiC content 
of 30 vol% and the average measured compressive stress of 880 MPa, the 
tensile stress in the Zr11B2 would be expected to be ~380 MPa, which is only 
70% of what was measured.  However, the initial powders were attrition milled 
using SiC milling media.  As a result, erosion of the media during milling added to 
the total amount of SiC within the composite.  Performing areal analysis of SEM 
micrographs of the composite revealed that the SiC content comprised ~34 vol% 
of the composite and not 30 vol% as expected based on the starting powder 
composition.  This analysis was based on the measurement of ~1000 SiC 
particles from 5 SEM images similar to those in Figure 1.  Contamination from 
milling is common in ceramic processing, which is why SiC milling media were 
selected for this study to prevent the introduction of additional components into 
the system.  Using 34 vol% SiC and its average compressive stress of 880 MPa, 
the tensile stress in the Zr11B2 was estimated to be ~450 MPa using the rule of 
mixtures calculation, which agrees with the neutron diffraction measurements 
that predicted an average tensile stress of ~450 MPa. 
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Neutron diffraction data was also analyzed to determine the temperature at which 
stresses began to accumulate during cooling.   Figure 6 and Figure 7 are 
representative plots of the d-spacings as a function of temperature for SiC 
(Figure 6) and Zr11B2 (Figure 7) in the composite and as pure powders.  The 
(006) planes of SiC in both the composite and powder had the same d-spacing at 
elevated temperature (Figure 6).  Because diffusional mechanisms which can 
relax stresses become active as temperatures increase, it follows that the 
composite should be stress free above some critical temperature.  Diffusional 
creep in the ZrB2 matrix as well as grain boundary sliding in SiC have been 
observed at temperatures as low as 1200 °C at 100 MPa stress in ZrB2-SiC 
composites.39  At 1200 °C and below, the d-spacings were no longer the same, 
indicating the development of strain in the SiC lattice and, therefore, residual 
stresses.  Figure 7 illustrates the same behavior from the Zr11B2 (110) planes.  At 
elevated temperature the lattice parameters of the powder and the composite 
were the same, but at 1200 °C and below they deviated.  To estimate the 
temperature at which stresses began to accumulate, the powder d-spacing data 
were fitted with a second order polynomial.  Likewise, the composite d-spacing 
data were fitted from 1200 °C and below to another second order polynomial.  
The fit to the composite d-spacing data was then extrapolated to higher 
temperatures until it intercepted the fit for the powder data.  The two fit curves for 
both the SiC (006) and the Zr11B2 (110) intercepted one another at ~1400 °C 
(Figure 6 and Figure 7).  Similar analyses have been performed for other 
crystallographic planes in both SiC and Zr11B2, all of which indicated that 
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stresses began to accumulate at ~1400 °C as the composite was cooled.  Due to 
the fact that stress relaxation above 1400 °C is likely based on diffusional 
mechanisms it is expected that all the crystallographic directions would behave 
similarly.   
 
Stress measurement via neutron diffraction yielded an average stress over the 
entire sample due to the ability of the neutrons to penetrate through the 
specimens.  For comparison, Raman spectroscopy performed in this study 
utilized a small spot size (~1µm) and was expected to have only probed the top 
~100 nm of the surface of the sample due to the laser wavelengths 
employed.40,41  As a result, Raman spectroscopy was able to probe the stresses 
in a single grain per measurement.  Unfortunately, ZrB2 is not Raman active; 
therefore stress measurements could only be performed on the SiC phase.  
Several peaks are associated with 6H SiC in Raman spectroscopy; the 2 main 
peaks are the transverse optic (TO) peak at 789.2 cm-1 and the linear optic (LO) 
peak at 970.1 cm-1.26  These peak positions are sensitive to stress.  While no 
general relationship has been determined to relate Raman peak shift to stress, 
researchers have measured peak shifts as a function of applied stress for a 
variety of materials including 6H SiC.  Liu and Vohra measured the peak position 
of single crystals of 6H SiC as a function of applied pressure up to 95 GPa.26  By 
doing so they were able to develop a correlation between the position of the TO 
peak and stress (equation 9), 
21 009.011.32.789)( PPcmTO −+=
−ω  (9)26  
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where ωTO is the measured peak position and P is the hydrostatic stress in GPa.  
In the present study, the position of the TO peak was measured by acquiring a 
Raman pattern from ~740 to 840 cm-1 and fitting the resultant peaks (Figure 8).  
Because of overlap between the TO peak and those surrounding it, the overall 
curve was deconvoluted to fit the individual peaks that comprise it.  The central 
peak in Figure 8 is the TO peak, which as found to be at 790.24 cm-1.  Inputting 
this value as ωTO in equation 9 and solving for P results in a compressive stress 
of 335 MPa.  While Figure 8 is representative of the Raman patterns, a range of 
stress values were measured.  The average stress measured was 390 MPa; 
values ranged from 235 MPa to 595 MPa with a standard deviation of 100 MPa 
for 25 SiC grains measured to obtain these values.  Assuming the cross section 
that was examined contained a random selection of SiC particles, some of the 
particles would be expected to be the top of larger particles that were 
predominantly below the surface.  Others would be only the tips of particles that 
were almost completely removed by sectioning and polishing, while others would 
cover the range in between those two extremes.  As a result, it is expected that 
the Raman peak shifts would provide a range of stresses when measuring 
individual particles as they were constrained differently depending on how much 
of each particle lay below the surface.  The average stress of 390 MPa estimated 
from Raman peak shifts was only ~40% of the stress determined using neutron 
diffraction (880 MPa).  Lower stresses can be expected from particles on the 
surface that were probed by Raman spectroscopy as compared to particles in the 
bulk that were probed by neutron diffraction.  Modeling in Al2O3-Al
 particle 
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reinforced composites suggests that compressive stresses in particles on and 
near the surface are less than those of particles in the bulk due to decreased 
confinement by the matrix.42  
 
To further evaluate the stresses in particles near the surface of the composite, 
grazing incidence x-ray diffraction was performed.  Since Raman only measures 
particles within ~100 nm of the surface, the angle of incidence for the x-ray beam 
was set at 1° relative to the surface to control the depth of penetration of the x-
ray beam.  The mass absorption coefficient, µ, and the geometry of the 
diffractometer govern the depth of penetration of an x-ray beam into a specimen.  
This relationship is given in equation 10 where θ is one half the diffraction angle 
2θ, and Gx is the fraction of the total diffracted intensity supplied by a surface 











When dealing with a composite or a compound, the value for µ in equation 10 is 
a mass average of the constituents (equation 11), where wi is the weight fraction 























ww  (11)43  
Using equation 11, the appropriate µ/ρ values were calculated for both ZrB2 and 
SiC, which were then used to calculate µ for the composite for use in equation 
10.  Using the values presented in Table V, an angle of incidence of 1°, and a 
fraction of the total diffracted intensity of 95%, the depth of penetration, x, was 
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calculated to be ~1 µm.  This calculation suggests that 95% of the total diffracted 
intensity came from a layer on the surface of the composite that was 1 µm thick.  
Hence, stresses measured using grazing incidence x-ray diffraction and Raman 
Spectroscopy should be similar.  X-ray diffraction patterns for both the composite 
material and pure SiC powder were collected (Figure 9).  Comparing the d-
spacings of the SiC peaks present in both the composite and powder samples 
(Figure 9) showed that the SiC peaks in the composite were shifted to higher 2-
theta values, which correspond to a smaller d-spacing and thus, a compressive 
stress.  As discussed above, the difference in d-spacing for each peak was used 
to calculate strain, and the appropriate Ehkl were then used to calculate stresses 
in each individual crystallographic direction.  Based on the average of the 
individual crystallographic directions the compressive stress in SiC as 
determined by grazing incidence x-ray diffraction was ~350 MPa.  This is in close 
agreement with the 390 MPa average compressive stress measured by Raman 
spectroscopy. 
 
The presence of tensile stresses in the brittle matrix of a particulate reinforced 
composite such as ZrB2-SiC could be expected to decrease the strength of the 
composite as compared to the nominally pure matrix material.  However, 
additions of SiC particles to ZrB2 have been shown to increase the strength of 
the composite.4-7  The strengthening effect can be explained, in part, through 
analysis that uses the Griffith equation (Equation 12), 
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cY
K IC=σ  1244 
where σ is the failure strength, KIC is the mode one fracture toughness, c is the 
flaw size, and Y is a geometric parameter dependent on flaw shape.  Given this 
relationship, increasing the fracture toughness should increase the failure 
strength proportionally assuming that the geometric parameter and flaw size are 
not affected.  Additions of SiC to ZrB2 have been shown to increase the fracture 
toughness from ~3.5 MPa·m1/2 for monolithic ZrB2
4 to as much as 6 MPa·m1/2.7  
The relationship, however, is more complex than simply doubling the fracture 
toughness since the addition of SiC particles to ZrB2 also decreases the critical 
flaw size5,6, c, as well as inducing thermal residual stresses.  This analysis does 
indicate that the possible reduction in strength due to tensile stresses in the 
matrix can be more than overcome by the increase in strength due to increased 
fracture toughness and decreased critical flaw size.  This also means that if the 
tensile stresses generated in the ZrB2 matrix during processing could be reduced 
without changing the grain size or sacrificing fracture toughness, the strength 
might be further improved over the monolith and the composite. 
 
Conclusions 
 A Zr11B2-SiC composite was produced using isotopically enriched boron-11 to 
facilitate the use of neutron diffraction to characterize residual stresses.  Neutron 
diffraction patterns were collected at regular temperature intervals from room 
temperature up to 1750 °C.  By comparing the d-spacings of Zr11B2 and SiC in 
the composite to their pure powder counterparts, it was determined that stresses 
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within the composite begin to accumulate at ~1400 °C during cooling.  Total 
accumulated stresses within the composite at room temperature were 880 MPa 
compression in the SiC particle phase, and 450 MPa tension in the Zr11B2 matrix.  
Both Raman spectroscopy and x-ray diffraction were used to provide 
complementary measurements.  Both determined that the stresses on the 
surface of the composite were ~ 40% of those present in the bulk.  Stress 
measurements using Raman spectroscopy showed the compressive stress in the 
SiC particulate phase to be 390 MPa while measurements performed using 
grazing incidence x-ray diffraction show it to be 350 MPa.  Stresses in the bulk as 
well as on the surface of ZrB2-SiC composites were successfully measured using 
a combination of neutron diffraction, x-ray diffraction and Raman spectroscopy.  
While the addition of  30 vol% SiC particles to ZrB2 resulted in a tensile stress of 
~450 MPa in the ZrB2 matrix it did not decrease the strength of the composite but 
instead increased it.  This is due in part to the increase in fracture toughness and 
decrease in grain size that the SiC particles impart to the composite.  The 
increase in strength through the addition of SiC may be improved further if the 
matrix tensile stresses can be reduced.        
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Table I  The five independent stiffness coefficients for ZrB2 and SiC 
 cij (GPa)  
Material c11 c12 c13 c33 c44 Reference 
ZrB2 567.8 26.9 120.5 436.1 247.5  45 


















Material s11 s12 s13 s33 s44 
ZrB2 1.88E-03 -8.28E-05 -4.95E-04 2.57E-03 4.04E-03 










Table III  Elastic modulus, strain, and compressive stress in the SiC phase of a 
Zr11B2-SiC composite for seven crystallographic directions 
(h k l) Ehkl (GPa) ε σ (MPa) 
1 0 0 484 1.94E-03 937 
1 0 1 474 1.94E-03 918 
0 0 6 556 1.51E-03 842 
1 0 2 452 1.93E-03 872 
1 0 8 437 1.87E-03 820 
1 1 0 484 1.94E-03 939 











Table IV  Elastic modulus, strain, and tensile stress in the Zr11B2 phase of a 
Zr11B2-SiC composite for seven crystallographic directions 
(h k l) Ehkl (GPa) ε σ (MPa) 
1 0 1 553 -9.00E-04 498 
0 0 2 390 -7.18E-04 280 
1 1 0 533 -1.01E-03 540 
1 1 1 557 -9.61E-04 535 
1 1 2 544 -8.80E-04 478 
3 0 0 533 -1.01E-03 539 










Table V  Mass absorption coefficients and densities necessary to calculate x-ray 
penetration depth assuming a Cu Kα source.43 
Absorber  ρ (g/cm3) µ/ρ (cm2/g) 
Zr 6.51 136.8 
B 2.47 2.142 
Si 2.33 65.32 













Figure 1  SEM images showing the microstructure of neutron diffraction 




Figure 2  SEM image showing the outer edge of a neutron diffraction specimen 











Figure 3  Neutron diffraction intensity as a function of temperature for 
representative Zr11B2 and SiC planes showing that the change in intensity 






Figure 4  Single peak fits for Zr11B2 (110) and SiC (006) reflections obtained by 
neutron diffraction showing actual data points (plus symbols), the fit line (smooth 




Figure 5  Measured d-spacing as a function of temperature for the SiC (006) 
peaks for both the composite and pure powder as measured by neutron 








Figure 6  Measured d-spacing as a function of temperature for the Zr11B2 (110) 
peaks for both the composite and the powder as measured by neutron diffraction 








Figure 7  Raman pattern of a SiC grain within the Zr11B2-SiC composite along 








Figure 8  Grazing incidence x-ray pattern of both pure UF-25 SiC powder as well 
as the Zr11B2-SiC composite showing the SiC peaks in the composite pattern 
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Abstract 
Flexural strength, elastic modulus, and hardness were used to characterize the 
mechanical properties of ZrB2-SiC composites that contained varying SiC particle 
sizes.  Dense ZrB2-SiC composites consisting of 70 vol% ZrB2 and 30 vol % α-
SiC were produced via hot pressing. The mechanical properties scaled with the 
maximum SiC particle size, not with ZrB2 grain size.  This series of composites 
had maximum SiC particle sizes that ranged from 4.4 µm to 18 µm.  Flexural 
strength decreased as the maximum size of SiC particles increased from 1150 
MPa at 4.4 µm to 245 MPa at 18 µm with an abrupt decrease in strength at ~11.5 
µm.  Elastic modulus remained constant at ~530 GPa for compositions 
containing SiC particles smaller than 11.5 µm, but exhibited a decrease with 
larger SiC particle sizes.  Vickers and Knoop hardness were 21.4 and 17.2 GPa, 
respectively, for ceramics with SiC particle sizes less than 11.5 µm, but hardness 
decreased for larger SiC particle sizes.  The decreases in strength, elastic 
modulus, and hardness with SiC particles larger than 11.5 µm were coincident 
with microcracking in the composites.           
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Introduction 
Zirconium diboride (ZrB2) is one of a family of transition metal boride compounds 
that belong to a class of materials known as ultra-high temperature ceramics 
(UHTCs).  This family of compounds possesses melting temperatures in excess 
of 3000 °C.1,2  A large body of work on borides was compiled in the late 1960’s 
and early 1970’s by ManLabs.3-7  Their studies focused on the densification of 
ZrB2 and hafnium diboride (HfB2), with and without additives in addition to the 
characterization of their accompanying mechanical and oxidative properties.  
However, research into boride materials extends back to the early 1900’s and 
even into the late 1800’s in both the United States and Russia as outlined in an 
Air Force report concerning the synthesis, properties, and applications of boride 
materials performed before 1962.8 
 
As opposed to other UHTCs, such as carbides or nitrides, the borides generally 
exhibit higher thermal conductivities (60-125 Wm-1K-1)9,10 and lower electrical 
resistivities (7.8-22 µΏ·cm) at room temperature.9,10  Borides are also resistant to 
chemical attack.11  This combination of properties has made borides candidates 
for a number of applications that include molten metal crucibles13-15, furnace 
electrodes12-14, microelectronics15, cutting tools11,16, as well as future hypersonic 
aerospace vehicles21-23.  In addition to these properties, ZrB2-based particulate 
composites, specifically those produced using silicon carbide (SiC) additives, 
display additional desirable properties.  ZrB2-SiC composites have been shown 
to exhibit strengths in excess of 1000 MPa17-19, fracture toughness values as 
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high as 5.5 MPa·m1/2,17,20 and hardness values exceeding 22 GPa.17,18,21  SiC 
additives have also been shown to influence the rate of oxidation of ZrB2 by 
forming a silica rich oxide layer on the surface and thereby slowing the rate of 
oxidation of the underlying material.22-25  The combination of these properties has 
resulted in ZrB2-SiC composites being studied for use in future aerospace 
applications.21-23   
 
Two previous studies have investigated the relationship between SiC particle 
size and flexural strength in ZrB2-SiC composites.  Rezaie
19 investigated the 
effect of hot pressing time and temperature on the mechanical properties of 
ZrB2-SiC composites.  As a result of varying the sintering time and temperature, 
the SiC particles within the composite grew to varying sizes.  Zhu26 more directly 
investigated the link between SiC particle size and the mechanical properties of 
ZrB2-SiC composites by varying the size of the starting SiC powder.  Zhu, by 
combining his data with that of Rezaie, revealed a linear trend relating SiC 
particle size to flexural strength.  While the range of particle sizes tested was 
limited, their work suggested that the size of SiC particles present within the 
composite was the strength-limiting feature.   
 
In this paper, ZrB2-SiC composites were prepared with eight different SiC sizes 
ranging from 4.4 µm to 18 µm.  The different SiC particle sizes were obtained 
though the use of different grades of commercial powders, as well as by ball 
milling the largest grade to reduce its particle size.  Mechanical properties, 
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including flexural strength, elastic modulus, and microhardness were evaluated 
and compared.  
Experimental Procedure 
All of the compositions examined in this study were prepared using the same 
ZrB2 powder (H.C. Starck, Grade B, Goslar, Germany).  The ZrB2 powder was 
attrition milled for 2 hours using tungsten carbide (WC) media in acetone.  Four 
different SiC powders were used, three from H.C. Starck and one from Universal 
Photonics (Hicksville, NY).  The supplier, grade, and particle size for the SiC 
powders used to produce ZrB2-SiC composites are outlined in Table I.  All of the 
composites in this study consisted of 70 vol% ZrB2 and 30 vol% SiC.  Starting 
SiC particle sizes were measured with a laser scattering particle size analyzer 
(Microtrac, S3500, Largo, FL) using a volume distribution.  
 
With the exception of the UF-25 sample, wherein the SiC powder was attrition 
milled together with the ZrB2 in order to produce the finest SiC particle size, the 
compositions were produced by ball milling the SiC powder with ZrB2 powder that 
had been attrition milled using WC media in acetone; ball milling was performed 
with the same WC media.  Both the UF-10 and UF-5 compositions were ball 
milled for 1 hour to mix the ZrB2 and SiC powders homogenously while not 
appreciably reducing the SiC particle size.  The compositions designated as M1, 
M2, M4, and M8 in Table I were ball milled for 1, 2, 4, and 8 hours, respectively, 
to obtain a range of SiC particle sizes from the Universal Photonics SiC powder.  
The composition designated as M0 was produced using the same Universal 
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Photonics powder without a ball milling step to avoid particle size reduction.  The 
powders for this batch were mixed in acetone using both mechanical stirring, via 
a stir bar, as well as by suspending the beaker containing the powder-acetone 
suspension in an ultrasonic bath.  The powders were mixed for a total of 3 hours 
and were placed in the ultrasonic bath for 1 minute after every 30 minutes of stir 
bar mixing.  Following mixing, all powder batches were dried via rotary 
evaporation to minimize segregation during the drying process due to differential 
sedimentation.  Following drying, the powders were passed through a 60 mesh 
sieve to facilitate die filling for hot pressing.   
 
All of the compositions were hot pressed in graphite dies approximately 44 mm in 
diameter using cylindrical graphite spacers ~10 mm thick between the die rams 
and the powder.  Both the inside of the die wall and the faces of the spacers 
were lined with graphite paper.  The ends of the spacers were additionally coated 
with boron nitride spray (Cerac, SP-108, Milwaukee, WI) to prevent reaction 
between the powder compact and the graphite spacers and to facilitate removal 
after hot pressing.  The powders were then loaded into the die and were cold 
compacted in a uniaxial press at ~6 MPa.  Densification occurred at a pressure of 
32 MPa using a resistively heated graphite hot press (Thermal Technology Inc., 
Model HP20-3060, Santa Rosa, CA).  All specimens were heated under vacuum 
(~200 mTorr) with ~1 hour isothermal holds at both 1450 °C and 1650 °C.  The 
pressure was applied following the second hold.  The atmosphere was also 
changed to flowing argon at that time, and with the exception of the M0 
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composition, the specimens were heated to a final temperature of 1900 °C.  
Once reaching the final temperature, the hot press ram travel was monitored to 
determine when densification had ceased.  The M0 composition, having the 
largest particle size of SiC, had to be heated to a final temperature of 2000 °C to 
produce fully dense composites.  The ramp rate up to, and between, the first two 
holds was ~75 °C/min, while the ramp rate from the second hold up to the final 
densification temperature was ~60 °C/min. 
 
Following densification, standard size A-bars (nominally 1.5 mm x 2 mm x 25 
mm; ASTM C 1161-02b) were machined from the densified billets by diamond 
grinding on a fully automated surface grinder (Chevalier, FSG-3A818, Santa Fe 
Springs, CA).  Ten A-bars were machined from each composition for strength 
and modulus testing.  The tensile surface of each specimen was polished to a 
0.25 µm diamond finish using successively finer diamond abrasives.  Strengths 
were measured using a semi-articulated A-bar fixture with a 20 mm lower span 
and 10 mm upper span in a screw driven instrumented load frame (Instron, 5881, 
Norwood, MA).  Elastic modulus was determined using a deflectometer to 
measure the deflection of the center of the test bar during strength testing.  Both 
Vickers and Knoop hardness were measured using a microhardness tester 
(Struers, Duramin 5, Cleveland, OH).  Hardness was calculated from 10 indents 
per composition for both hardness techniques.  Microstructural images were 
obtained using scanning electron microscopy (Hitachi, S570, Tokyo, Japan).  
Images of microcracking were also obtained using scanning electron microscopy 
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(FEI, Helios Nano Lab 600, Eindhoven, The Netherlands).  Final SiC particle 
sizes were measured by analyzing SEM images of each composition.  Images 
containing ~500 SiC particles each were measured using image analysis 
software (Image J, National Institutes of Health, Bethesda, MD).  The SiC 
particles were fit using an ellipse, and the major axis of that ellipse was used as 
the final maximum SiC particle size. 
Results and Discussion 
Building on previous studies that concluded that the SiC particle size was the 
strength-limiting feature in the microstructure of ZrB2-SiC composites
19,26, and 
operating under the assumption that the largest SiC particle under stress will be 
the critical flaw, this study has focused on the effect of the maximum SiC particle 
size within the microstructure on the mechanical properties of ZrB2-SiC 
composites.  As such, eight compositions, as outlined in Table I, were prepared 
with maximum SiC particle sizes ranging from 4.4 µm to 18 µm after densification 
(Table II).  SEM analysis of the composites showed well-dispersed, homogenous 
microstructures as illustrated in Figure 1.  The light gray, continuous phase in the 
microstructures is the ZrB2 matrix, while the darker, dispersed particulate phase 
is SiC.   The micrographs of all of the compositions, with the exception of the UF-
25 specimens, also exhibited a brighter, higher z-contrast, phase.  This phase is 
indicative of a small amount of WC incorporated during the milling process.  
Attrition milling of the ZrB2 powder resulted in ~3 wt% WC being incorporated into 
the powder as measured by the amount of media erosion that took place during 
milling.  While the UF-5 sample showed evidence of grain pullout from polishing 
 131
(Figure 1), the combination of SEM analysis and density measurements indicated 
that all of the compositions were >99% dense.  The flexure strength, elastic 
modulus, and both Vickers and Knoop hardness were measured for all the 
composites as summarized in Table II.  Strength decreased as the SiC particle 
size increased.  The highest strength was exhibited by the UF-25 composition, 
which had a maximum SiC particle size of 4.4 µm and a strength of 1150 MPa.  
Both the elastic modulus and hardness values were nearly constant for 
compositions that had maximum SiC particle sizes of 11.5 µm and smaller.  
Composites containing SiC particles larger than 11.5 µm, however, exhibited an 
abrupt decrease in the measured values for strength, modulus, and hardness.  
The trends of the mechanical properties, as well as the abrupt change in 
behavior for SiC particle sizes greater than 11.5 µm, will be discussed in more 
detail below. 
 
Following a similar procedure to the work of Rezaie19 and Zhu26, the particle 
sizes of the SiC inclusions in this study were initially measured by analyzing a 
number of SEM micrographs which in total contained ~500 particles of SiC from 
each composition.  An equivalent circular diameter was calculated for each 
particle, which was then used as the particle size.  Using this method, the 
strength of an initial set of compositions (UF-25, UF-10, UF-5, M8, M4, and M0) 
showed a linear trend with maximum SiC particle size, similar to the previous 
studies of Zhu26 and Rezaie19 (Figure 2).  The maximum SiC particle size was 
the largest single particle measured by image analysis for each composition.  
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However, the strengths from the present study did not fall along the same line as 
those from the previous two.  The trend for the present study was shifted such 
that the strengths were 300 to 400 MPa higher for the same particle size.  The 
main reason for the difference is that the Rezaie and Zhu results were plotted as 
strength of the composites as a function of the average SiC particle size whereas 
the present study examined strength as a function of the maximum particle size.  
This caused the present results to be offset compared to those of the previous 
studies.  It should be noted that Rezaie did compare the maximum ZrB2 and SiC 
grain sizes with the strength in addition to the average sizes, and found that the 
maximum SiC size correlated most closely to calculated critical flaw sizes.19  His 
comparison of the maximum SiC particle size with strength, however, did not 
exhibit a clear trend.        
 
The initial set of compositions also left a large gap in maximum SiC particle sizes 
between the M4 and M0 compositions (11.8 µm to 18 µm).  As such, the M1 and 
M2 compositions (Tables I and II) were prepared to fill that gap.  The addition of 
these two SiC particle sizes revealed that the trend was no longer linear across 
the entire particle size range (Figure 3).  With all of the strengths plotted, the M1 
and M2 compositions fell below the linear trend predicted from the initial results.  
The nonlinearity of the strength as a function of particle size trend is closer to the 
trend that would be predicted using Griffith theory.   
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The fracture strength of brittle materials is generally thought to be governed by 
the critical flaw size within the material as described by the Griffith equation:27 
cY
K IC
f =σ  (1) 
where σf is the failure stress, KIC is the fracture toughness, Y is a geometric 
constant related to the fracture origin, and c is the critical flaw size of the 
material.  Assuming that KIC and Y do not change appreciably across the range 
of particle sizes in this study, the failure strength should be inversely proportional 




∝σ  (2) 
However, the previous studies by Zhu26 and Rezaie19 did not observe this 
relationship.  The combination of their two data sets appears to indicate that the 
relationship between average SiC particle size and strength is linear (Figure 2).  
Their results showed strengths ranging from over 900 MPa down to ~390 MPa as 
the average SiC particle size increased from 1 µm to 6.3 µm.  Zhu noted that the 
strength of ZrB2-SiC composites correlated better with both the average and 
maximum SiC size than it did with the ZrB2 grain size. 
   
If the aspect ratio of the SiC phase in the composites did not change as a 
function of particle size, the equivalent circular diameter would be an accurate 
measure of the varying particle sizes.  Further investigation as part of the present 
study revealed that the aspect ratio of the SiC particles increased as the particle 
size decreased (Figure 4).  The aspect ratio decreased from a maximum of 1.90 
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for the UF-25 sample to 1.45 for the M0 sample.  As a result, the use of 
equivalent circular diameter is not adequate to describe the SiC particle size.  As 
the aspect ratio increases, a larger particle cross section may be subjected to the 
applied stress even though the overall area of the particle does not change.  
Following this observation, the SiC particle sizes were then fit using an ellipse 
instead of a circle, which allowed for the aspect ratio of the ellipse to change 
along with the aspect ratio of the SiC particles.  From this analysis, the major axis 
of the ellipse was used as a more representative measure of the largest SiC 
cross section that could be exposed to stress during flexure testing.   
 
Using the major axis of the ellipse, instead of the equivalent circular diameter, as 
the particle size for the Griffith calculations resulted in a different relationship 
between strength and particle size than was previously observed (Figure 5).  As 
the maximum SiC particle size increased from 4.4 µm to 11.5 µm the relationship 
between strength and particle size was consistent with trends predicted using the 
Griffith equation.  That is to say that the strength changed in proportion to the 
square root of maximum SiC particle size as predicted by equation 2 when the 
maximum size was determined using the major axis of an ellipse.  Above 11.5 
µm, the strength decreased abruptly from 825 MPa to approximately 250 MPa.  
This type of behavior indicated a microstructural change within the composites.  
If the decrease in strength were merely due to the increase in SiC particle size, 
the change in strength would be expected to be continuous as a function of 
maximium SiC particle size.   
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One likely cause of an abrupt change in strength is microcracking, which has 
been shown to cause similar decreases in the measured strength in other 
ceramic materials.28-30  The distribution in measured strength values, for the 
larger SiC particle size composites, was also consistent with what is expected 
from microcracked materials.  For SiC particle sizes greater than 11.5 µm, the 
distribution of strengths was smaller.   As shown in Table II, the average 
distribution of strengths for compositions with SiC particle sizes of 11.5 µm and 
smaller was +/- 113 MPa whereas the average strength distribution for larger 
particle sizes was less than half that of smaller average SiC particle sizes at +/- 
47 MPa.  As the microcracks began to grow, the strengths became more uniform 
as the failure origins became a more consistent size.   
 
Spontaneous microcracking can occur due to thermal expansion mismatch 
between the matrix and a second phase in a composite material, the 
crystallographic thermal expansion anisotropy present in anisotropic materials, or 
a combination of both.  In either case, as the material is cooled from the 
densification temperature, the difference in thermal expansion coefficients leads 
to the generation of stresses.  For the ZrB2-SiC system, a recent study showed 
that thermal residual stresses begin to accumulate at ~1400°C upon cooling and 
result in a compressive stress within SiC particles of ~775 MPa.31  Assuming a 
constant strain across the ZrB2-SiC phase boundary, the resulting tensile stress 
in the ZrB2 matrix immediately surrounding a SiC particle is ~900 MPa.  As the 
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grain or particle size becomes larger, the volume of material under the residual 
thermal stress increases, and the probability of forming microcracks also 
increases.  For example, in fine grained alumina (<5 µm), the critical particle size 
of second phase aluminum titanate (Al2TiO5) particles that resulted in 
microcracking of the alumina matrix was found to be ~2.2 µm.29  For an 
anisotropic material such as titanium diboride (αa=7.2x10
-6/°C, αc=9.8x10
-6/°C)32, 
the critical grain size for microcracking has been reported to be ~15 µm.32   
 
To further investigate whether or not microcracks were the cause of the decrease 
in strength for composites containing SiC particles greater than 11.5 µm in size, 
both the elastic modulus and hardness were examined.  The elastic modulus 
values measured for the ZrB2-SiC composites followed the same pattern as the 
strengths.  For SiC particle sizes of 11.5 µm and smaller, the elastic modulus 
remained constant at ~530 GPa.  In contrast, for composites with larger SiC 
particle sizes the modulus was markedly reduced to ~480 GPa (Figure 6).  A 
change in SiC particle size alone, without some other microstructural change, 
would not change the elastic modulus of the composite since the volume fraction 
of each phase did not change.  Figure 6, however, clearly illustrates a decrease 
in the elastic modulus for composites with maximum SiC particle sizes larger 
than 11.5 µm.  The M0 material had an elastic modulus of 484 GPa, which was a 
decrease of ~10% compared to those of the UF-25, UF-10, UF-5, and M8 
compositions.  A threshold at which elastic modulus decreased was consistent 
with what has previously been observed for a material that begins to exhibit 
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microcracking at some critical particle size.  Monolithic oxide ceramics have been 
shown to exhibit decreases in elastic modulus of as much as 70% once the 
critical grain size for microcracking has been exceeded.34,36 
 
Both Vickers and Knoop hardness were measured in order to further characterize 
the critical particle size at which the mechanical properties were discontinuous.  
As with both the strength and modulus values, the ZrB2-SiC composites exhibited 
a discontinuous change in hardness once the SiC particle sizes exceeded 11.5 
µm (Figure 7).  The Vickers hardness decreased by almost 20% from the M8 to 
the M0 composition (21.24 GPa to 17.28 GPa).  Likewise, the Knoop hardness 
decreased by ~11% (17.12 GPa to 15.23 GPa).  A Vickers diamond is a square 
pyramidal diamond with an included angle of 136° in both directions, while the 
Knoop diamond is elongated along one diagonal with an included angle of 
170°30’ on the long axis and 130° on the short axis.  The sharper angle of the 
Vickers diamond makes it more likely to act as a wedge during indentation, which 
acts to open pre-existing cracks more effectively than the more obtuse angles of 
the Knoop diamond.  This explains why the Vickers hardness showed a greater 
decrease than did the Knoop hardness.  Similar behavior has been shown in 
ZrO2 reinforced Al2O3 systems.  For ZrO2 additions greater than ~10 vol%, the 
hardness of the composite decreased as a result of microcracking.33 
 
Although the mechanical properties point to the onset of microcracking with 
maximum SiC particle sizes above 11.5 µm, initial microscopy did not reveal the 
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presence of cracking as seen in Figure 1.  More detailed analysis with a higher 
resolution microscope was able to resolve the microcracking in compositions M0, 
M1, M2, and M4 (Figure 8).  Cracks were located in the ZrB2 matrix generally 
surrounding large SiC particles.  Cracks became more difficult to resolve as the 
SiC particle size decreased, and no cracks were found in samples with maximum 
SiC particle sizes less than or equal to 11.5 µm (for compositions M8, UF-5, UF-
10, and UF-25).        
 
In order to be certain that the mechanical properties were governed by the SiC 
particle size and not the ZrB2 grain size, mechanical properties were also 
compared to the ZrB2 grain size.  The ZrB2 grain size was measured in the same 
manner as the SiC particle size with a minimum of 500 grains measured for each 
composition.  Maximum and average grain sizes were calculated using both 
circular and elliptical fits of the grains.  The mechanical properties were 
compared to the maximum and average grain size using both elliptical and 
circular fits.  None of the fit methods yielded any correlation between the 
mechanical properties and the ZrB2 grain size.  For example, Figure 9 is a plot of 
strength of the composite as a function of the maximum ZrB2 grain size fit with an 
ellipse which shows no clear trend linking ZrB2 grain size with strength.  Plotting 
the other mechanical properties as a function of ZrB2 grain size yielded similar 
results to those in Figure 9 indicating that it was the size of the SiC and not the 
ZrB2 that governs the mechanical properties.     
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Conclusions 
Eight different composites consisting of 70 vol% ZrB2 and 30 vol% SiC were 
produced with starting SiC particle sizes ranging from 0.37 µm to 11.06 µm 
(d50).  After hot pressing, the composites exhibited flexure strengths that scaled 
with the maximum value of the major ellipse axis of the elongated SiC particles 
(4.4 µm to 11.5 µm) according to a 1/c1/2 relationship as predicted by Griffith.  
The compositions also exhibited a constant modulus of ~530 GPa and Vickers 
and Knoop hardness values of ~21.39 and 17.07 GPa, respectively over the 
same particle size range.  Composites containing maximum SiC particle sizes 
greater than 11.5 µm, however, exhibited behavior typical of the onset of 
microcracking.  The strength, modulus, and hardness all decreased abruptly 
when the maximum SiC particle size was above 11.5 µm.  Increasing the SiC 
particle size from 11.5 µm to 18 µm caused a decrease of approximately 70 % in 
strength, 10% in modulus, 18% in Vickers hardness, and 11% in Knoop 
hardness.  For these composites, mechanical properties were governed by the 
maximum SiC particle size.  
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Table I  Composition designations and SiC powder used to produce ZrB2-SiC 
composites. 
Starting SiC Particle Size (µm) Composition 
Designation 
SiC Powder Supplier Grade 
d10 d50 d90 
UF-25 HC Starck UF-25 0.17 0.37 0.69 
UF-10 HC Starck UF-10 0.31 0.70 1.49 
UF-5 HC Starck UF-5 0.56 1.87 4.65 
M8, M4, M2, 
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UF-25 4.4 1150 +/- 115 541 +/- 22 21.38 +/- 0.61 17.16 +/- 0.22 
UF-10 6.4 924 +/- 100 532 +/- 13 21.73 +/- 0.64 17.06 +/- 0.30 
UF-5 8.2 892 +/- 120 534 +/- 20 21.20 +/- 0.38 17.01 +/- 0.21 
M8 11.5 825 +/- 118 531 +/- 14 21.24 +/- 0.55 17.12 +/- 0.27 
M4 11.8 724 +/- 83 520 +/- 12 19.27 +/- 1.78 16.12 +/- 0.27 
M2 12.0 460 +/- 47 518 +/- 16 18.64 +/- 0.54 15.58 +/- 0.37 
M1 13.0 280 +/- 34 505 +/- 7 18.35 +/- 1.26 15.57 +/- 0.42 











Figure 1  Representative SEM micrographs of M0, M2, UF-5, and UF-25 
compositions showing the transition in SiC particle size from large to small. 
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Figure 2  Strength of ZrB2-SiC composites as a function of the average SiC 
particle size measured as an average circular diameter from Zhu26, Rezaie19, and 
the current study as a function of the maximum SiC particle size also measured 











Figure 3  Strength as a function of the maximum SiC size measured as a circular 
diameter indicating that the M1 and M2 compositions do not follow the linear 






Figure 4  Average aspect ratio of SiC particles for ZrB2-SiC composites with 










Figure 5  Strength as a function of maximum SiC particle size measured as the 
major axis of an ellipse for ZrB2-SiC composites showing a 1/c
1/2 relationship up 






Figure 6  Elastic modulus as a function of the maximum SiC particle size 
measured as the major axis of an ellipse showing a reduction in modulus for 










Figure 7  Hardness as a function of maximum SiC particle size measured as the 












Figure 8  SEM micrographs of the M0, M1, M2, and M4 compositions indicating 








Figure 9  Strength as a function of maximum ZrB2 grain size measured as the 
major axis of an ellipse for ZrB2-SiC composites. 
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Abstract 
Hot pressed composites consisting of 70 vol% ZrB2 and 30 vol% SiC were 
annealed at temperatures ranging from 1000 °C to 2000 °C.  Strength, elastic 
modulus, and hardness was measured for as processed and annealed 
composites.  Raman spectroscopy was employed to measure the thermal 
residual stresses within the SiC phase of the composites.  Elastic modulus and 
hardness were unaffected by annealing conditions.  Strength was not affected by 
annealing at 1400 °C or above; however, strength increased for samples 
annealed below 1400 °C.  Annealing under uniaxial pressure was found to be 
more effective than annealing without applied pressure.  The average strength of 
materials annealed at 1400 °C or above  was ~700 MPa while that of materials 
annealed at 1000 °C, under a 100 MPa applied pressure, averaged ~910 MPa.  
Raman stress measurements revealed that the distribution of stresses in the 
composites was altered for samples annealed below 1400 °C resulting in 
increased strength. 
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Introduction 
Zirconium diboride (ZrB2) belongs to a larger class of ceramics known as ultra 
high temperatures ceramics (UHTCs).  All of these materials exhibit melting 
temperatures in excess of 3000 °C with that of ZrB2 being 3245 °C.
1  Borides 
belonging to this group of materials, specifically ZrB2, exhibit a number of 
properties which separate them from the other high temperature carbides and 
nitrides.  ZrB2 is resistant to chemical attack
2 and has low electrical resistivity 
(7.8-22 µΏ·cm)3,4 on par with metals such as nickel.5,6  Due in part to its low 
electrical resistivity, ZrB2 also exhibits high thermal conductivity (60-145 
W/m·K).3,4,6  The combination of these properties have led to interest in ZrB2 for a 
number of applications including molten metal crucibles7-9, furnace 
electrodes7,8,10, cutting tools2,11, as well as future hypersonic aerospace 
vehicles.12-15 
 
Composites based on ZrB2, specifically those produced using silicon carbide 
(SiC) particle additions have been shown to exhibit additional advantageous 
properties.  Particulate reinforced ZrB2-SiC composites have been shown to 
exhibit strengths in excess of 1000 MPa16-19 along with fracture toughness values 
as high as 5.5 MPa·m1/2.16,20-22  The addition of SiC has also been shown to 
improve the oxidation resistance of ZrB2 based composites.  The SiC phase 
preferentially oxidizes creating a silica layer on the surface of the composite 
which retards the rate of oxidation of the underlying material.12,20,23-25  The 
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combination of these properties have resulted in a large body of research into 
using ZrB2-SiC composites in future aerospace applications.
12-16,26-32 
 
The addition of SiC particules to ZrB2 also results in the generation of thermal 
residual stresses.  The room temperature coefficients of thermal expansion 
(CTE) of ZrB2 and SiC are ~5.2 ppm/K
33,34 and ~3.3 ppm/K34 respectively and 
remain ~2 ppm/K different up to ~1750 °C.  As a result, as composites are cooled 
from the processing temperature, compressive stresses are generated in the SiC 
particulate phase, and corresponding tensile stresses are generated in the ZrB2 
matrix.  These stresses undoubtedly play a role in the observed mechanical 
properties of ZrB2-SiC composites.  It has been postulated by researchers from 
ManLabs Inc. that the relaxation of stresses in ZrB2 are responsible for an initial 
increase in strength as a function of temperature.35  These stresses have been 
measured by neutron and x-ray diffraction,36,37 as well as Raman 
spectroscopy.36-38  It is unknown, however, whether or not the residual stresses 
can be altered by changing the processing parameters.    
 
The goal of the current study was to perform thermal treatments on composites 
to determine whether the residual stresses could be altered.  Following thermal 
treatments, the strength, elastic modulus, and hardness were evaluated for each 





All samples were produced using ZrB2 powder (H.C. Starck, Grade B, Goslar, 
Germany) and α-SiC powder (H.C. Starck, UF-25, Goslar, Germany) consisting 
predominantly of the 6H polytype.  Powder batches consisting of 70 vol% ZrB2 
and 30 vol% SiC were prepared by attrition milling with SiC media for 2 hours in 
acetone.  Following mixing, the powder batches were dried via rotary evaporation 
to maintain homogeneity during drying.  After drying, all powder batches were 
passed through a 60 mesh sieve to facilitate uniform die filling.  The powders 
were then loaded into a graphite die for hot pressing.  Graphite spacers were 
used between the die rams and the powder to facilitate later sample removal 
after hot pressing.  Both the inside of the die as well as the ends of the die rams 
and the faces of the spacers were lined with graphite paper.  The faces of the 
spacers that were in contact with the powder were also coated with boron nitride 
(Cerac, SP-108, Milwaukee, WI) to minimize reaction with the powder.  Powders 
were then cold compacted uniaxially to ~6 MPa.  
 
Hot pressing was performed in a resistively heated graphite furnace (Thermal 
Technology Inc., Model HP20-3060, Santa Rosa, CA) at a pressure of 32 MPa.  
Samples were heated successively to 1450 °C and 1650 °C at a ramp rate of 75 
°C /min holding for ~1 hour at both temperatures under vacuum (~200 mTorr).  
Beyond 1650 °C the furnace atmosphere was changed to argon.  Pressure was 
applied following the 1650 °C hold and the specimens were heated to a final 
densification temperature of 2000 °C at 60 °C/min.  After reaching 2000 °C, ram 
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travel was monitored to determine when densification had ceased.  Once 
densification had ceased, specimens were cooled to various temperatures to be 
annealed (Table I).  Annealing temperatures ranged from 2000 °C down to 1000 
°C.  Specimens annealed between 2000 °C and 1400 °C were held for two 
hours, while those annealed at 1300 °C and 1200 °C were held for 72 hours.  
Two samples were annealed under pressure (32 MPa, and 100 MPa) by cooling 
slowly (~2 °C /min) below 1500 °C down to 1000 °C.    
 
Following annealing, rectangular bars (Size A according to ASTM C 1161-02B, 
which are nominally 1.5 mm x 2 mm x 25 mm) were machined from the densified 
billets for mechanical testing.  All machining was performed by diamond grinding 
on a fully automated surface grinder (Chevalier, FSG-3A818, Santa Fe Springs, 
CA).  Ten A-bars were machined from each specimen.  What was to be the 
tensile surface of each A-bar was polished using successively finer diamond 
abrasive to a 0.25 µm finish.  Flexural strength, and elastic modulus were 
determined using a screw driven instrumented load frame (Instron, 5881, 
Norwood, MA) and a semi-articulated A-bar fixture with a lower span of 20 mm 
and an upper span of 10 mm.  All specimens were tested with a cross-head rate 
of 2 mm/min.  Strength and modulus values were calculated from 10 flexure bars 
per sample.  Vickers hardness measurements were taken using a microhardness 
tester (Struers, Duramin 5, Cleveland, OH).  Hardness was calculated from 10 
indents per sample.  Stress measurements were made using a micro-Raman 
spectrometer (Horiba LabRAM ARAMIS, Edison, NJ, USA) employing a 633 nm 
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HeNe laser.  Raman patterns were acquired from 25 individual SiC particles from 
a polished surface of each sample.  Stresses were measured only in the SiC 
phase because ZrB2 is not Raman active.  Microstructural images were obtained 
by scanning electron microscopy (Hitachi, S570, Tokyo, Japan).  
 
Results and Discussion 
While it is known that thermal residual stresses are produced in ZrB2-SiC 
composites during processing, little has been done to modify these stresses.  In 
this study, 11 composites, as outlined in Table , were produced to study the 
effects of annealing on mechanical properties as well as thermal residual 
stresses in ZrB2-SiC composites.  Composites were annealed at temperatures 
ranging from the processing temperature, 2000 °C, down to 1000 °C.  The initial 
set of composites consisted of samples designated as 20-0, 19-2, 18-2, 17-2, 16-
2, 15-2, and 14-2 corresponding to their annealing temperature and time (for 
example, 18-2 equals 1800 °C for 2 hours).  While all samples were densified 
under the same conditions, sample 20-0 was cooled directly to room temperature 
from 2000 °C to measure properties of a material produced using a standard 
cooling profile.   The rest of the billets were cooled to their respective annealing 
temperatures and held for 2 or 72 hours.  Based on stress measurements 
performed on ZrB2-SiC composites
36,37 it was decided to extend the hold times 
for samples 13-2 and 12-2 to improve the likelihood of stress relaxation.  
Because hot pressing allows ZrB2-SiC composites to be densified at lower 
temperatures than pressureless sintering21,39,40, it was postulated that annealing 
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samples under pressure, may result in more effective stress relaxation at lower 
temeratures.  As such, samples 10-0-32 and 10-0-100 were produced by 
annealing under applied pressures of 32 MPa and 100 MPa, respectively. 
 
Characterization of polished cross sections revealed microstructures consisting 
of a well dispersed SiC particulate phase within a ZrB2 matrix (Figure 1); the dark 
phase is SiC while the lighter grey phase is ZrB2.  The representative 
microstructural examples in Figure 1 indicate that neither the grain size nor the 
distribution of SiC was appreciably affected by the annealing cycles.  While some 
evidence of grain pullout was observed in the micrographs, a combination of 
density measurements and SEM analysis indicated that all of the samples were 
>99% of their theoretical density. 
 
The flexural strength, elastic modulus, and Vickers hardness were measured for 
each sample as summarized in Table II.  The flexural strength of samples 20-0 
through 14-2 do not change appreciably compared to the sample produced by 
the standard cooling rate, however the samples that were annealed at 
temperatures below 1400 °C or under uniaxial pressure (13-72 through 10-0-100) 
exhibited an increase in flexural strength (Figure 2).  Sample 10-0-100 
possessed the highest average flexural strength at 910 MPa with individual 
values in excess of 1 GPa.  Given the consistent microstructures among the 
sample set, the increase in strength may be an indication that the thermal 
residual stresses were altered in samples 13-72, 12-72, 10-0-32, and 10-0-100.   
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In addition to strength, both the elastic modulus and Vickers hardness were 
measured.  Figure 3 indicates that the values of elastic modulus fluctuated, but 
no systematic change associated with different annealing temperatures and 
pressures was observed.  Much like the elastic modulus, Figure 4 did not reveal 
any systematic change in hardness due to different annealing temperatures and 
pressures. 
 
SiC exhibits a number of peaks in Raman spectroscopy.  Its two main peaks are 
the transverse optic (TO), and the linear optic (LO) located at 789.2 cm-1 and 
970.1 cm-1, respectively.  As reported by others the positions of Raman peaks, 
however, are sensitive to stress.  While no universal relationship between Raman 
peak shift and stress has been established, a number of experiments have been 
performed to correlate peak shift to stress for particular materials.  Liu and 
Vohra41 measured the peak positions of 6H SiC as a function of pressure from 
ambient to 95 GPa.  By doing so they were able to correlate the position of the 
TO peak with stress (Equation 1). 
 
21 009.011.32.789)( PPcmTO −+=
−ω  (1) 
 
Where, ωTO is the shifted peak position, and P is the stress in GPa.  In the 
present study, Raman patterns were acquired between 750 and 850 cm-1.  The 
location of the TO peak was obtained from patterns by fitting the peaks using a 
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Lorentzian function (Figure 5).   Because the TO peak overlaps with peaks on 
either side, it was necessary to deconvolute the Raman pattern to separate the 
individual peaks and thus find the true location of each peak.  For example the 
TO peak shown in Figure 5 is located at 791.6 cm-1.  Inputting the position of the 
TO peak into equation 1 yielded a compressive stress of ~775 MPa.  Stresses 
were measured for all of the annealed materials in a similar manner and the 
values are represented in Figure 6.  The maximum, average, and minimum 
stresses measured for each annealing condition are plotted to better represent 
the range of stresses measured in each annealed composite since a range of 
stress values are expected in a particulate composite such as this.  Given the 
wavelength of the laser employed, it was expected that the depth of penetration 
in SiC was on the order of 100 nm.42,43  This, in combination with the small spot 
size used (~1 µm), means that a single SiC grain on the surface of each 
composite was probed with each measurement.  There is no way of knowing 
whether the grain being probed was the tip of a larger grain hidden under the 
surface, the remnant of a grain mostly removed by polishing, or whether it fit 
somewhere in between.  Each of these situations would result in a different 
constraint by the matrix, and therefore, a different measured stresses. 
 
From the measured stresses, Figure 6, the range of values indicated that the 
average stress was statistically the same for all of the samples, regardless of 
annealing conditions.  However it is important to recognize that the number of 
grains sampled (25-30 SiC grains per sample) is small in comparison to the 
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number of grains present on the polished surface of the sample.  As such, 
examining the distribution of stresses is informative.  While the average and 
maximum measured stresses were unchanged for all annealing conditions, 
samples 13-72 through 10-0-1000 exhibited an increase in the minimum residual 
compressive stress measured in the SiC particles.  A normal type distribution 
was assumed for all samples.  Based on the overall average stress of ~700 MPa 
for all materials, two distribution curves can be plotted to compare the standard 
deviations of samples annealed below 1400 °C with those annealed at 1400 °C 
and above (Figure 7).  These two curves represent the predicted distributions of 
stresses for the two sample sets (i.e. below 1400°C and 1400 °C or above).  
When dealing with a small sample from a large population, the probability of 
measuring values outside the mean decreases with increasing distance from the 
mean.  As such, the probability of measuring values which exist in the extreme 
tails of the distribution is low.  However, it is these extreme values which have 
the greatest effect on mechanical strength.  While not a traditional flaw in the 
sense of a pore or a surface scratch, areas of high tensile stress, such as exist in 
the ZrB2 matrix surrounding SiC particles, can also serve as fracture origins in 
mechanical testing.  Much like the largest flaw under stress will cause 
mechanical failure a volume under the highest stress could also serve as the 
fracture origin in the absence of other “critical” flaws.  Examining the distribution 
curves in Figure 7, it becomes clear that although the measured average 
stresses did not vary appreciably for the different annealing condition (Figure 6), 
composites annealed at or above 1400 °C had a wider distribution of residual 
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stresses.  Therefore, the upper tail of their stress distribution extended to higher 
stresses than those composites annealed below 1400 °C meaning that the true 
maximum stress in the latter composites was lower than for those annealed at 
1400 °C and above.  Thus samples 13-72, 12-72, 10-0-32, and 10-0-100 
exhibited higher strengths than the other annealed composites.  Said another 
way, the maximum tensile stress present in the ZrB2 matrix was lower for 
composited annealed below 1400 °C. 
 
Although elastic modulus and hardness were not affected by annealing 
conditions, the mechanical strength exhibited a change for samples annealed 
below 1400 °C.  Composites annealed at or above 1400 °C showed no 
appreciable change in strength, while those annealed below 1400 °C increase in 
strength, especially with the application of pressure.  This change in behavior at 
1400 °C for ZrB2-SiC composites is consistent with previously reported 
temperature-dependent stress measurements.36,37  The highest strengths 
obtained in this study came from materials annealed under pressure.  It is 
believed that the application of pressure depressed the temperature to which 
stresses were relaxed in much the same way that hot pressing reduces the 
temperature required for densification since both are diffusion-controlled 




ZrB2-SiC composites were annealed at temperatures ranging from 1200 °C to 
2000 °C without applied stress, and down to 1000 °C with an applied uniaxial 
stress.  Hardness and elastic modulus remained unaffected by annealing 
conditions.  Samples annealed at or above 1400 °C possessed a relatively 
constant strength, while samples 13-72, 12-72, 10-0-32, and 10-0-100 exhibited 
increasing strength, peaking at an average of ~910 MPa for sample 10-0-100.  
Annealing under pressure was more effective at increasing strength than 
annealing pressurelessly.  The increases in strength were attributed to the 
narrowing of the stress distribution and therefore decreasing the maximum 
stresses present in the annealed composites.  
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20-0 2000 0 30 0 
19-2 1900 2 30 0 
18-2 1800 2 30 0 
17-2 1700 2 30 0 
16-2 1600 2 30 0 
15-2 1500 2 30 0 
14-2 1400 2 30 0 
13-72 1300 72 30 0 
12-72 1200 72 30 0 
10-0-32 1000 0 2 (below 1500 °C) 32 















20-0 732 +/- 114 504 +/- 19 23.4 +/- 0.8 
19-2 703 +/- 103 503 +/- 15 23.0 +/- 0.7 
18-2 686 +/- 119 506 +/- 9 23.2 +/- 0.9 
17-2 709 +/- 115 513 +/- 20 23.5 +/- 1.0 
16-2 675 +/- 101 509 +/- 9 23.8 +/- 0.6 
15-2 727 +/- 83 515 +/- 9 23.6 +/- 0.7 
14-2 673 +/- 102 509 +/- 7 23.4 +/- 1.0 
13-72 769 +/- 70 517 +/- 18 23.4 +/- 0.7 
12-72 766 +/- 153 515 +/- 17 23.6 +/- 0.5 
10-0-32 847 +/- 86 516 +/- 14 23.3 +/- 0.8 





Figure 1  Polished cross sections of annealed samples 20-0, 18-2, 16-2, 14-2, 








Figure 3  Elastic modulus values and standard deviation for specimens annealed 
at different times, temperatures and pressures. 
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Figure 4  Hardness values and standard deviations for specimens annealed at 






Figure 5  Raman pattern of 6H SiC carbide from specimen 1000-0-100; points 
are original data, dashed lines are individual fitted peaks, and solid line is the 
overall pattern fit. 
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Figure 6  Maximum, average, and minimum stresses measured via Raman 
spectroscopy in the SiC particulate phase of the composites for different 







Figure 7  Normal distributions of stresses measured for samples annealed both 


















Fully dense ZrB2-SiC composites consisting of 70 vol% ZrB2 and 30 vol% 
SiC were produced.  These composites were produced using both commercially 
available powders as well as by a reactive route resulting in ZrB2-SiC composites 
enriched in the boron-11 isotope making them suitable for neutron diffraction.  
Composites were also produced containing SiC particulate ranging in maximum 
size from 4.4 µm to 18 µm. 
Neutron diffraction patterns were collected at regular temperature intervals 
ranging from room temperature to 1750 °C both on heating and cooling.  Based 
on d-spacing shifts in the composite compared to stress free reference material 
stresses were measured as a function of temperature.  Stresses were found to 
begin accumulating at ~1400 °C in both phases on cooling from the processing 
temperature.  Average stresses at room temperature were found to be ~880 MPa 
compression in the SiC phase and ~450 MPa tension in the ZrB2 phase.  Raman 
spectroscopy and grazing incidence x-ray diffraction were employed to 
characterize the surface stresses in the SiC phase.  Both techniques revealed 
that the surface stresses were ~40% the magnitude of those in the bulk. 
Flexural strength, elastic modulus, and hardness were measured for ZrB2-
SiC composites containing variable SiC particle sizes.  Hardness and elastic 
modulus remained relatively unchanged for maximum SiC particle sizes less than 
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11.8 µm, but exhibited an abrupt decrease for larger SiC particle sizes; from 21.4 
GPa hardness to 17.5 GPa, and from an elastic modulus of 530 GPa to 480 
GPa.  Strength scaled according to a 1/c1/2 relationship for maximum SiC particle 
sizes less than 11.8 µm but exhibited the same abrupt decrease for larger SiC 
particle sizes.  These three behaviors are typical of the onset of microcracking 
which was subsequently shown to be present during detailed microstructural 
analysis.   
Composites consisting of 70 vol% ZrB2-30 vol% SiC were fabricated by 
hot pressing at 2000 °C.  These composites were then annealed at temperatures 
ranging from 2000 °C to 1000 °C both with and without an applied uniaxial stress.  
For annealing temperatures of 1400 °C and above, with no applied stress, there 
was no appreciable effect on flexural strength (~700 MPa), elastic modulus (~510 
GPa), or hardness (~23.3 GPa).  Composites annealed below 1400 °C did not 
exhibit a change in elastic modulus or hardness, however did exhibit an increase 
in strength.  The flexural strength of samples annealed down to 1000 °C under 
an applied uniaxial stress of 100 MPa increased to an average of 910 MPa with 
individual values exceeding 1 GPa.  The distribution of stresses measured by 
Raman spectroscopy was found to narrow for samples annealed below 1400 °C.  
It is believed that this narrowing of the stress distribution reduced the magnitude 
of the highest stresses and therefore improved the strength. 
In examining the dissertation as a whole, another observation can be 
drawn.  The strength of ZrB2-SiC composites correlates well with the maximum 
particle size of SiC carbide present in the microstructure.  If it were the SiC 
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particle size alone that was controlling failure, annealing should have little effect, 
however annealing was shown to increase strength by as much as 30%.  
Because of this, in combination with the stress measurements performed, it is 
believed that the strength is controlled, not by the SiC particle size alone, but by 
the size of the stressed volume of ZrB2 surrounding them. 
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4. RECOMENDATIONS FOR FUTURE WORK 
 
It was discovered in the first neutron diffraction experiment that tungsten 
carbide impurities introduced during milling reacted at high temperature to form a 
third phase (likely WSi2).  Since milling ZrB2 based composites with WC media is 
a common practice and these composites are meant to be used at high 
temperatures it would be beneficial to further study the evolution of this tungsten 
phase.  It would be important to determine under what conditions this phase 
begins to form and as well as at what level of WC contamination.  WC has been 
shown to improve room temperature properties such as strength and hardness 
compared to material prepared with no WC.  It would be beneficial to determine 
exactly what role WC is playing.  Transmission electron microscopy (TEM) would 
allow for the grain boundaries to be examined in material with and without WC to 
determine if it is altering the structure and/or chemistry of the grain boundaries.   
It has been shown that annealing below 1400 °C, specifically under stress, 
improves the strength of ZrB2-SiC composites.  TEM would allow for a better 
understanding of the mechanisms involved in stress relief from low temperature 
annealing (< 1400 °C) as well as under an applied stress.  The dislocation 
density for example could be measured in annealed vs. unannealed samples.  In 
this case as well, TEM would allow for the grain boundaries to be examined to 
determine if annealing is affecting the structure or chemistry.  Additional 
experiments annealing under higher applied stresses could be beneficial to 
determine what level of strength improvement is possible using this technique. 
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